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Abstract  

There is a demand for a global shift towards single embryo transfer to ensure safer IVF practice.  

However, the ability to identify the embryo that is most likely to result in a healthy live birth 

remains one of the most significant challenges that hinders IVF success.  To date, 

morphological grading has remained the standard method for embryo selection during IVF, 

however this is poorly predictive of embryo viability.  Embryo aneuploidy increases with 

female age and is the main cause of implantation failure and miscarriage, but morphological 

grading is unable to diagnose aneuploid embryos.   Instead, invasive embryo biopsy coupled 

with pre-implantation genetic screening (PGS) can identify euploid embryos for transfer, but 

at best these have an implantation rate of only 65%.  This demonstrates that euploidy alone 

does not completely determine the developmental potential of the embryo.  

Additional aspects of embryo physiology are surfacing as determinants of viability, and the 

complex and dynamic relationships that exist between them are beginning to unravel.  The 

mitochondrial genome is emerging as an additional genetic determinant of embryo viability.  

The first aim of this thesis was to characterise the integrity of the mitochondrial genome in 

oocytes from a novel bovine model of human IVF, to determine the potential genetic 

contribution to embryo viability with ageing and ovarian stimulation.  Mitochondrial DNA 

(mtDNA) deletions were more common in oocytes following ageing, however the frequency 

of heteroplasmic point mutations was universally low.  This is the first study to quantify 

mtDNA heteroplasmy in individual oocytes using comprehensive next-generation sequencing 

(NGS) technologies.  These results warrant further investigation in humans.  

Novel methods to assess embryo viability are evolving.  These methods provide further 

information about the development, physiology and molecular profile of the embryo.  Thus, 

they offer new paradigms for the way that an embryo is selected for transfer.  Accessible 

biological material that is associated with the embryo can be targeted for the development of 

biomarkers of embryo viability.  One such candidate is the cumulus cells which nurture the 

oocyte during development.  Previous studies have suggested that transcriptomic analysis of 

cumulus cells may have the potential to provide valuable clues about embryo viability.  Beyond 

the search for biomarkers during traditional embryo culture, time-lapse microscopy has been 

introduced to provide undisturbed culture.  Time-lapse microscopy also allows embryo 

development to be constantly monitored.  With the introduction of this technology, time-lapse 
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parameters have the potential to objectively disclose the developmental time-line of the embryo 

and predict future viability.  

Previous studies have investigated biomarkers in isolation, however the novel approach 

explored in this thesis was to combine two biomarkers within the same cohort of embryos.  The 

second aim of this thesis was to examine the expression of cumulus cell viability genes together 

with early time-lapse parameters, in order to combine two independent biomarkers for 

improved embryo selection.  The analysis revealed correlations between these two biomarkers 

and blastocyst quality.  The expression of candidate genes involved in energy metabolism, 

mitochondrial biogenesis, signalling, steroidogenesis and cell stress in cumulus cells correlated 

to time-lapse parameters of the developing embryo.  These results demonstrate that embryo 

viability is influenced by the ovarian micro-environment in which the oocyte develops.  While 

combining both biomarkers within the model did not increase predictive ability due to small 

sample size, combining biomarkers for improved embryo selection deserves further 

investigation in a larger cohort.   

Recently, spent embryo culture media and blastocoele fluid has been found to contain 

molecular information that may indicate embryo viability.  It has been reported that they 

contain DNA, but the composition and origin of this genetic material is unknown.  The third 

aim of this thesis was to assess nuclear DNA and mtDNA within both the spent embryo culture 

media and following artificial blastocoele collapse, in order to determine its potential to be a 

biomarker of embryo viability.   

The levels of DNA in spent embryo culture media were found to be extremely low across three 

types of commercial media, and this was validated using two different genetic platforms.  The 

levels of DNA increased at the blastocyst stage of development, but not following artificial 

blastocoele collapse.  Importantly the background levels of DNA contamination occurring 

during culture was established, representing a critical analysis for the exploration of this 

biomarker.  While it was found that there was genetic contamination within the culture media, 

and from maternal cumulus cells, there was preliminary evidence that the DNA did have some 

embryonic origin.  DNA fingerprinting analysis was used to confirm this finding, however the 

levels of nuclear DNA were too low to produce DNA profiles.  Future studies are required to 

confirm this finding.  Further optimisation of methodologies may allow spent embryo media 

and blastocoele fluid to be used for the genetic viability assessment of embryos non-invasively.  
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   Foreword 

 

The embryo embodies the very beginnings of human life. Of the millions of gametes that are 

produced, only one sperm and one egg will overcome the challenges posed by the reproductive 

system to conceive an embryo.  The embryo starts its developmental journey as just one cell, 

and then actively divides into two cells, four cells, eight cells and so forth.  At this early stage, 

each cell is totipotent and can give rise to any cell of the body.  This represents the greatest 

potential for biological development that will ever exist within the organism.  With each further 

cell division, the human genetic code is replicated, providing the blueprint that orchestrates all 

of the biological processes that are fundamental to life.   

Newly replicated cells begin to use the human genetic code to fulfil their destined role within 

the multi-cellular embryo.  Four days after fertilisation, the cells begin to specialise their role 

to give rise to both the fetal lineage and the support network of placental cells.  The embryo 

acquires a fluid filled cavity which expands as the cells proliferate.  The fully expanded embryo 

then sheds its protective shell to prepare for implantation.  Vitally, the embryo then finds a 

place to thrive by implanting deep within the cells of the uterus.  Remarkably, the embryo does 

this without being detected by the mother’s immune system in a feat of biological evasion.  

Having found a place to prosper, the cells of the embryo undergo vast amounts of replication 

and differentiation.  Following nine months of gestation, this growth process produces a 

sophisticated body that is ready for life in the outside world.  

In the last few decades, reproductive science has revealed fundamental knowledge of the very 

beginnings of human life.  We have had the privilege of witnessing the earliest developments 

of the human embryo outside the body, or in vitro.  Extraordinarily, following decades of 

meticulous research, we can now provide an environment that allows in vitro fertilisation and 

pre-implantation embryo development to proceed within a laboratory setting.  This method of 

assisted reproduction is now routinely used to treat infertility.  For the embryo however, in 

vitro culture is only an approximation of the in vivo conditions experienced within the uterus. 

Thus it is of upmost importance that we create a safe and nurturing environment for the fragile 

embryo while it develops in the laboratory rather than in the sanctity of the uterus.  Through 

unravelling the perplexities of the human embryo, and discovering ways to identify those that 

are compatible with life, we can guide this treatment to a healthy live birth. 
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   Ovarian folliculogenesis  

 

The ovary produces the reproductive cells that underlie female fertility. An aggregation of 

reproductive cells called the ovarian follicle is the fundamental unit of the ovary, encapsulating 

the human oocyte at its centre.  Ovarian follicles are established during fetal life and it is widely 

accepted that they are not renewed during the female reproductive lifespan.  The ovarian 

reserve consists of small quiescent follicles termed primordial follicles (Myers and Hutt 2013).  

They are comprised of an oocyte arrested in meiosis I and surrounded by a flattened somatic 

cell layer of pre-granulosa cells (Adhikari and Liu 2013).  The number of primordial follicles 

in the fetal ovaries reaches around 6 million by 20 weeks of gestation.  Thereafter, they are 

progressively depleted by a degenerative process called atresia (Broekmans et al. 2009, 

Damario 2014).   

By puberty only around 300,000 primordial follicles remain within the ovaries (Broekmans et 

al. 2009).  Of those that remain, some will continue in this quiescent state for decades.  During 

this period of quiescence, the primordial follicles must retain their genetic integrity and 

reproductive capacity (Myers and Hutt 2013).  Quiescent follicles will eventually be directed 

towards one of two fates.  Nearly all of the primordial follicles will encounter apoptosis and 

never develop further.  Some however will be awakened to develop past the primordial stage 

(Adhikari and Liu 2013).  It is thought that quality control mechanisms determine which 

follicles will be chosen to develop further (Adhikari and Liu 2013, Myers and Hutt 2013).  

Awakened primordial follicles are driven through a developmental process called ovarian 

folliculogenesis.  In humans, this process takes 6 months to complete and is directed by 

endocrine and intra-ovarian mechanisms (Baerwald et al. 2012).  The end point of ovarian 

folliculogenesis is an oocyte that is fully mature, ready for ovulation and subsequent 

fertilisation.  Nearly all follicles will fail to reach this end point however, as they compete with 

each other for dominance during development (El-Sadi et al. 2013).  Only one oocyte will be 

ovulated during each ovarian cycle.  Eventually, vast amounts of apoptotic elimination and 

successive cycles of ovarian folliculogenesis will exhaust the pool of primordial follicles within 

the ovaries.  This results in reproductive cessation, marking the time of menopause and the end 

of the female reproductive lifespan (La Marca et al. 2012). 
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1.2.1   The growth phase 

 

Recruited primordial follicles first enter the growth phase of ovarian folliculogenesis (El-Sadi 

et al. 2013).  Initially, the primordial follicle transitions to a primary follicle through oocyte 

growth and pre-granulosa cell differentiation into cuboidal granulosa cells (Adhikari and Liu 

2013).  As the granulosa cells proliferate to form several layers, glycoproteins are secreted by 

the oocyte and condense around its perimeter to form a thick extracellular matrix called the 

zona pellucida.  The zona pellucida provides a protective shell for the oocyte and, following 

fertilisation, captures the cells of the embryo until the time of implantation.  Ovarian stromal 

cells also condense around the outside of the follicle to form an outer matrix called the theca 

(El-Sadi et al. 2013).   

The primary follicle transitions into a secondary follicle through further granulosa cell 

proliferation.  At this time, the granulosa cells begin to secrete follicular fluid, forming pockets 

of fluid within the follicle (Adhikari and Liu 2013).  The follicular fluid coalesces and expands 

with ongoing granulosa cell proliferation, eventually forming a fluid filled cavity within the 

antral follicle.  As the granulosa cells become separated by the fluid cavity, they differentiate 

into two different cell lineages.  The mural granulosa cells which line the wall of the follicle, 

and the cumulus cells which directly surround the oocyte (El-Sadi et al. 2013).  These two cell 

lineages have distinct gene expression patterns and cell functions that guide the development 

of the follicle.   

During the transition from a primordial follicle to an early antral follicle, the follicle grows in 

size from less than 0.1 mm to around 3 mm in diameter (Baerwald et al. 2012).  The oocyte 

itself grows to its final size of 120 µm in diameter.  The growth of the oocyte occurs through 

chromatin dispersion and RNA transcription.  This endows the oocyte with the organelles and 

molecules that become essential for the first few days of cell division in the embryo, which 

must proceed in the absence of cell growth (De Santis and Brevini 2013, Luciano and Lodde 

2013).  
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1.2.2   Gonadotropin dependent phase 

 

During the gonadotropin dependent phase of folliculogenesis an antral follicle develops into a 

20 mm pre-ovulatory follicle under the influence of gonadotropins.  The gonadotropins follicle 

stimulating hormone (FSH) and luteinising hormone (LH) are the primary triggers for this 

growth process.  As such, only those antral follicles which exhibit FSH and LH receptors on 

their somatic cells will be recruited to enter this phase of growth (El-Sadi et al. 2013).  In the 

early antral follicle, thecal cells and granulosa cells co-operate to produce oestrogens, 

promoting the growth of the follicle.  Thecal cells bind LH and synthesise androgens as a 

response (El-Sadi et al. 2013).  The granulosa cells then aromatize thecal androgens to 

oestrogens in response to FSH (El-Sadi et al. 2013).  The rise in oestrogen causes the granulosa 

cells to proliferate, resulting in exponential follicle growth.  In turn, the increasing number of 

granulosa cells results in further oestrogen synthesis, establishing a positive feedback system 

(El-Sadi et al. 2013).   

The growing follicles will then compete with one another for dominance (El-Sadi et al. 2013).  

Only those follicles with a high sensitivity to FSH will continue to thrive and progress through 

folliculogenesis (Baerwald et al. 2012, El-Sadi et al. 2013).  The dominant follicle emerges by 

exhibiting a high sensitivity to FSH and producing more oestrogens compared to the other 

follicles.  In this way, the dominant follicle has a growth and survival advantage over the rest 

of the cohort (Baerwald et al. 2012).  As the oestrogen levels rise, FSH falls as a response.  In 

this way, the dominant follicle begins to starve the remaining follicles of FSH, promoting 

atresia of the competing follicles (Baerwald et al. 2012).  Critically, the dominant follicle must 

also express LH receptors on their granulosa cells in time for an imminent LH surge.  This 

enables both the thecal and granulosa cells to respond to the LH surge, to promote the final 

stages of pre-ovulatory growth (El-Sadi et al. 2013).  A summary of ovarian folliculogenesis is 

presented in figure 1.1.  
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Figure 1-1: Ovarian folliculogenesis 

The growth phase of ovarian folliculogenesis converts a primordial follicle to an antral follicle through oocyte growth, granulosa cell differentiation 

and proliferation, and the accumulation of follicular fluid.  In response to gonadotropins, the antral follicle synthesises steroids, resulting in 

extensive granulosa cell proliferation and the expansion of follicular fluid.  A single dominant follicle will emerge from the developing cohort of 

follicles by exhibiting a growth and survival advantage.   
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1.2.3   Ovulation  

 

In humans a single dominant follicle will be ovulated during each ovarian cycle. Thus the odds 

of each follicle accomplishing ovulation are extremely low as the follicles undergo a process 

of natural selection.  Of the millions of primordial follicles that make up the initial pool, less 

than 500 will be ovulated (Adhikari and Liu 2013).  Ovulation of the dominant follicle is 

triggered by a mid-ovarian cycle surge of LH (El-Sadi et al. 2013).  The LH surge triggers the 

final growth of the dominant follicle, greatly expanding the volume of follicular fluid within 

the antral cavity.  At this time, the dominant follicle switches to progesterone synthesis, which 

further inhibits the growth of the competing follicles, and is essential for ovulation.   

In preparation for ovulation, dramatic changes in the oocyte occur. The oocyte cytoplasm 

matures through cortical granule production and protein synthesis.  Oocyte meiosis resumes, 

resulting in the number of chromosomes being halved and unequal cell division to expel the 

first polar body (Coticchio et al. 2015).  The chromosomes then enter the second meiotic 

division, but arrest at metaphase II in preparation for fertilisation (Coticchio et al. 2015).  

Following fertilisation, meiosis will resume, resulting in the final separation of the sister 

chromatids.  The final stage of pre-ovulatory development involves an inflammatory response 

which ruptures the follicle wall to free the oocyte and its surrounding mass of cumulus cells. 

To ensure reproductive success, the ovulated oocyte will need to be developmentally competent 

(Coticchio et al. 2015). 

 

1.2.4   Interactions between the oocyte and follicular cells  

 

Throughout folliculogenesis, physical and functional interactions between the oocyte and 

follicular cells determine oocyte viability (Matzuk and Li 2013).  The oocyte guides follicular 

cell function to regulate its own development.  In turn, the micro-environment created by the 

follicular cells protects and nurtures the oocyte.  The mural granulosa cells physically connect 

to each other and with cumulus cells by gap junctions.  The cumulus cells themselves directly 

contact the oocyte by junctions that project through the zona pellucida (Guglielmo and 

Albertini 2013).  Together, these gap junctions provide an extensive network of communication 

within the ovarian follicle, allowing the transport of metabolic substrates, amino acids and 
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nucleotides (Dumesic et al. 2015).  The oocyte utilises these for the production of energy and 

macromolecules (Coticchio et al. 2015).  The oocyte itself has a low capacity for glycolysis 

and maintains a metabolically quiescent state (Dumesic et al. 2015).  Instead, the oocyte up 

regulates glycolytic genes in the cumulus cells (Sutton-McDowall et al. 2010). Once glucose 

has been metabolised, the cumulus cells transfer metabolic intermediates to the oocyte. The 

oocyte then uses these to produce ATP by oxidative phosphorylation (Sutton-McDowall et al. 

2010).   

The oocyte deploys paracrine signals to the follicular cells to regulate their activity.  Members 

of the transforming growth factor β family (TGFβ) signal to promote a broad range of granulosa 

cell and cumulus cell functions (Coticchio et al. 2015).  Growth differentiation factor 9 (GDF9) 

and bone morphogenetic protein 15 (BMP15) are two oocyte signalling molecules that 

orchestrate follicle growth and development (Coticchio et al. 2015).  In turn, the surrounding 

cumulus cells and granulosa cells produce their own paracrine factors to promote follicle 

growth and development. Among their broad range of roles, GDF9 and BMP15 regulate 

cumulus cell proliferation, apoptosis regulation, steroidogenesis, metabolism and the 

expansion of a hyaluronic acid extracellular matrix (figure 1.2) (Gilchrist et al. 2008, Persani 

et al. 2014, Sutton-McDowall et al. 2010).  By modulating these critical functions, the micro-

environment, if favourable, will promote the development of a viable oocyte.  
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Figure 1-2: Oocyte-cumulus cell communication 

Interactions between the oocyte and cumulus cells determine oocyte viability. Projections 

through the zona pellucida physically connect the oocyte and the cumulus cells to allow 

extensive communication.  The oocyte signals to the cumulus cells through growth 

differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15).  This 

orchestrates a broad range of cumulus cell roles including proliferation, apoptotic regulation, 

steroidogenesis, metabolism and expansion of the hyaluronic acid extracellular matrix.  
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   Ovarian ageing  
 

The biological capacity for women to reproduce is finite.  In humans, cessation of the 

reproductive system occurs long before other organ systems of the body.  This takes place for 

evolutionary reasons that are not completely understood, but it may be an adaption to the 

prolonged infant dependency which is characteristic of humans (Packer et al. 1998).  Historical 

epidemiological studies have documented that female fertility declines with increasing age, 

with this occurring most notably after the age of 35 (Eijkemans et al. 2014, Menken et al. 1986).  

The median age of last birth is between 40 and 41 years across a range of populations, showing 

a universal trend that underlies this natural fertility decline (Eijkemans et al. 2014).  In contrast, 

male fertility does not show the same reproductive cessation event, and is associated with a 

subtle decline in fertility during ageing, only after the age of 40 years (Humm and Sakkas 

2013).  

Ovarian ageing underpins the decline in female fertility with increasing age. This eventually 

leads to reproductive cessation, or menopause (figure 1.3) (Damario 2014, te Velde and 

Pearson et al. 2002).  Ovarian ageing is caused by a loss of oocytes within the ovary (Damario 

2014).  During ovarian ageing, primordial follicles are progressively depleted by follicle 

activation or atresia.  This follicle loss continues until menopause, which occurs around 50 

years across a wide range of populations (Damario 2014, Treloar 1981).  Alongside the gradual 

decrease in oocyte number, the quality of the remaining oocytes lowers.  This is primarily due 

to a rise in numerical chromosomal abnormalities within the oocyte, especially after the age of 

35 years (Fragouli et al. 2013b).  
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Figure 1-3: Declining female fertility during ovarian ageing  

Optimal female fertility occurs between the ages of 20 to 30 years. After 30 years, fertility 

gradually declines, before accelerating after the age of 35 years.  The age of last birth is below 

45 years across a wide range of populations.  A loss of fertility ensues until the time of 

menopause, which is highly conserved at around the age of 50 years. Figure adapted from te 

Velde and Pearson et al. 2002.  

 

 

1.3.1   Loss of follicles  

 

It is unclear whether follicle depletion from the ovaries is driven by selection of the fittest 

follicles or whether it is unselective.  Follicle loss is not inhibited by anovulation with oral 

contraceptive use or in pregnancy, nor is it influenced by the age of menarche (Gurtcheff and 

Klein 2011).  In a condition known as premature ovarian failure, some women may undergo 

an accelerated loss of the follicle pool, resulting in infertility at an early age (Shelling 2010).  

The number of follicles remaining in the ovary, or ovarian reserve, can be estimated by 

measuring circulating levels of anti-Müllerian hormone (AMH).  This hormone is produced by 
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the granulosa cells of primary, secondary and early antral follicles (Broer et al. 2014). 

Circulating levels of AMH rise following puberty and reach a plateau between the ages of 20 

and 25.  Following this time, AMH levels steadily decline with advancing female age to 

become undetectable by menopause.  As such, AMH levels can be used to predict the 

reproductive lifespan of women and is used clinically to estimate ovarian reserve (Broer et al. 

2014).    

 

1.3.2   Oocyte quality 

 

Alongside follicle loss, the quality of the remaining oocytes in the ovaries lowers during 

ovarian ageing (Damario 2014).  Oocyte quality is the degree to which an oocyte can undergo 

successful fertilisation and embryo development.  It is known that the oocyte itself is the key 

determinant of female fertility, evidenced by the restoration of pregnancy rates when oocytes 

are donated from young to older women (Faddy et al. 2011).  Oocyte quality is determined by 

both genetic and non-genetic factors (Keefe et al. 2015).  During ovarian ageing, there is a rise 

in numerical chromosomal abnormalities within the oocyte, termed aneuploidy.  Aneuploidies 

vary in severity, but in most cases render the embryo incompatible with life.  Embryo 

aneuploidy can arise through meiosis following the completion of oocyte maturation, or 

alternatively through mitosis after fertilisation (figure 1.4).  The rate of aneuploidy rises 

progressively after the age of 30 years, so that by the age of 40 years, 75% of oocytes will be 

aneuploid following the completion of both meiotic divisions (Fragouli et al. 2013b).  For 

embryos, it has been reported that up to 85% will be aneuploid by the age of 42 years (Franasiak 

et al. 2014).  
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Figure 1-4: Chromosomal aneuploidy 

Ovarian ageing causes genetic instability within the oocyte and pre-implantation embryo. 

Errors arise during meiosis following oocyte maturation or mitosis following fertilisation. 

Alterations in chromosomal complement can be caused by a loss or gain of chromosomes, and 

this is termed aneuploidy.   

 

The most common aneuploid errors involve a single chromosome.  In some cases, two 

chromosomes may be affected, but more complex aneuploidies may also occur (Franasiak et 

al. 2014).  The majority of aneuploidies observed during pre-implantation embryo development 

are not documented in clinical pregnancies, suggesting that they cause implantation failure or 

very early miscarriage (Fragouli et al. 2013b).  It is not surprising that the rising rate of embryo 

aneuploidy directly mirrors the decline in implantation with advancing female age.  It has been 

reported that a euploid embryo has a rate of implantation up to 65%, which appears to be 

independent of female age (Munné et al. 2016).   

 

1.3.3   Mitochondrial DNA during ageing 

 

The mitochondrial genome is an important genetic component of the oocyte. This genome is 

made up of the mitochondrial DNA (mtDNA) that resides within the mitochondria of cells.  

Along with the nuclear DNA, the mtDNA provides the blueprint for cellular energy generation 

(Larsson 2010).  Specifically, the mtDNA encodes for components of the respiratory chain 
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within the mitochondria.  Unlike the diploid nuclear genome, the mtDNA is present in multiple 

copies within cells.  mtDNA is 16.5 kb is size and is made up of double stranded DNA which 

forms a closed circle (Larsson et al. 2010).  The genes within the mtDNA encode for 13 

components of the respiratory chain, as well as two rRNAs and 22 tRNAs that translate the 

mitochondrial genes (figure 1.5) (Larsson 2010).    

 

 

 

 

 

Figure 1-5: Mitochondrial DNA  

Mitochondrial DNA (mtDNA) is a double stranded, 16.5 kb molecule, which is present in many 

copies per cell. The mtDNA is directly involved in energy production. The mtDNA encodes 

for 13 protein complexes of the respiratory chain, 22 tRNAs and 2 rRNAs. 
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In contrast to the nuclear genome which has a maternal and paternal contribution, the 

mitochondrial genome is exclusively inherited from the oocyte.  During oocyte formation the 

number of mitochondrial genomes is restricted, in an event called the mtDNA bottleneck (Cree 

et al. 2008).  Following ovarian folliculogenesis, the number of mitochondria within the oocyte 

increases drastically.  This occurs in preparation for fertilisation to support early embryo 

development.  The number of mtDNA copies in the mature oocyte is considerably higher 

compared to somatic cells, with the number reflecting the energy requirements of each 

particular cell type (Lagouge and Larsson 2013).  There are around 500,000 mtDNA copies in 

the mature human oocyte (Barritt et al. 2002, Cotterill et al. 2013).  Whereas cumulus cells 

only have around 10 mtDNA copies (Cree et al. 2015). There is some evidence to suggest that 

the mtDNA copy number of oocytes is altered following ovarian ageing, however not all 

studies show this association (Chan et al. 2005, Cree et al. 2008, Murakoshi et al. 2013).  In 

the embryo, the pool of mtDNA is partitioned between individual blastomeres during cell 

division.  mtDNA replication does not occur until the cells of the embryo begin to differentiate 

(St. John et al. 2010).  This occurs first in the trophectoderm of the blastocyst, and later in the 

inner cell mass following implantation (Cree et al. 2008, St. John et al. 2010).   

The mitochondrial genome is susceptible to mutations.  Over time, the mtDNA may be exposed 

to damaging reactive oxygen species that are produced as a by-product of oxidative 

phosphorylation.  The mtDNA also lacks protective histones, has limited DNA repair 

mechanisms and is prone to replication errors (Larsson 2010).  Point mutations, or alternatively 

large scale deletions that result in smaller, circular DNA molecules may arise within the 

mtDNA (figure 1.6) (Larsson 2010). Mitochondrial homoplasmy describes the occurrence of 

identical mtDNA copies within a cell, while mitochondrial heteroplasmy describes a mixture 

of wild type and mutated mtDNA copies (Lagouge and Larsson 2013).  Mutated mtDNA can 

undergo clonal expansion, resulting in an increased mutation load. This can occur in the 

absence of cell division because the mtDNA replicates independently of the cell cycle 

(Lagouge and Larsson 2013).  Adequate numbers of intact and functional mitochondrial 

genomes are required for a cell to maintain normal respiratory chain activity.  
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Figure 1-6: Mitochondrial DNA mutations  

Mitochondrial DNA (mtDNA) is susceptible to point mutations and large scale deletions. The 

mtDNA is vulnerable to mutations because of exposure to oxidative stress, replication errors, 

in addition to a lack of protective histones and limited capacity for DNA repair.  

 

The occurrence of mtDNA mutations in somatic cells has been reported following ageing in a 

number of human tissues, particularly post-mitotic tissues such as skeletal muscle and neurons 

(Payne and Chinnery 2015).  Few studies have investigated mtDNA mutations in human 

oocytes.  It has been reported that a mtDNA deletion of around 5kb, termed the ‘common 

deletion’ is observed in immature or oocytes that have failed to fertilise, but the relationship to 

ageing remains unclear (Barritt et al.1999, Chan et al. 2005, Hsieh et al. 2002, Keefe et al. 

1995).  Even fewer studies have investigated mtDNA heteroplasmy in oocytes.  One study has 

suggested that mtDNA mutations may preferentially accumulate in polar bodies during oocyte 

maturation and fertilisation, potentially as a mechanism to prevent the transmission of harmful 

mutations (Gianaroli et al. 2015).  It has also been reported that disease associated mtDNA 

mutations may occur at a higher rate in poor quality oocytes (Shamsi et al. 2013).  However, 

no study has performed comprehensive next-generation mtDNA sequencing in individual 

oocytes, which limits the quality of data to date.  Further, there is a lack of comparisons 

available for viable oocytes and it is currently unclear whether the occurrence of mtDNA 

mutations increases following ovarian ageing.  Therefore, the occurrence of mtDNA mutations 

in viable oocytes will need to be addressed by future studies.  
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   Infertility  

 

Humans are one of the least fertile mammals.  Compared to other mammals, humans exhibit a 

late age of first reproduction, long life and a low level of fertility (Jones 2011).  For humans, 

this represents an evolutionary paradox that is not completely understood. In general, human 

reproduction is thought of as a relatively inefficient process (Lockwood 2000).  Despite being 

endowed with a large number of oocytes during fetal development, these become progressively 

exhausted and are completely depleted by the time the female reaches midlife.  A large 

proportion of the oocytes that are successfully fertilised arrest during early embryo 

development or go on to miscarry (Lockwood 2000).  During a natural ovarian cycle, the rate 

of pregnancy is between 20% and 25% for a fertile couple (McLaren 2012, Zinaman et al. 

1996).  Even following medical intervention involving the direct transfer of an embryo into the 

uterus, by-passing the challenges of successful fertilisation in vivo, the rate of live birth is still 

low at around 23% (Macaldowie et al. 2015).  

While humans generally have a low level of fertility, the condition of infertility is defined as 

the failure to conceive following one year of unprotected intercourse during the fertile phase 

of the ovarian cycle (McLaren 2012).  Around one in six couples will experience infertility and 

may need to undergo medical treatment in order to have a family (ESHRE. 2014).  The potential 

causes of infertility are varied and can stem from both the female and the male (Damario 2014).  

In general, 33% of infertility is caused by female only factors, and 26% is caused by male only 

factors.  Conversely, in around 15% of cases, infertility is caused by combined factors relating 

to both the male and the female (Macaldowie et al. 2015).   

 

1.4.1   Causes of infertility  

 

Common causes of infertility include ovarian ageing, ovulatory disorders, tubal damage, 

abnormal sperm quantity or function, uterine abnormalities and endometriosis (figure 1.7) 

(McLaren 2012).  There are a number of known overarching contributors to these conditions, 

namely female age, genetic factors and environmental factors.  Other general health issues may 

result in an increased risk of infertility, such as obesity, smoking and sexually transmitted 

diseases (Damario 2014).  Couples presenting with infertility will undergo a thorough 
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investigation to establish the cause, so that appropriate treatment can be sought. This may 

involve an assessment of ovulation, semen parameters, tubal damage, uterine abnormalities 

and ovarian reserve (McLaren 2012).  In around 26% of cases, the cause of infertility is 

unexplained with no identified factor relating to either the male or female (Macaldowie et al. 

2015).   

 

 

 

 

Figure 1-7: Causes of infertility 

Infertility can be caused by both female and male factors.  Common causes of infertility include 

ovulatory disorders, uterine factors, advanced female age, low sperm count or motility, and 

abnormal sperm morphology.  In some cases the cause of infertility remains unexplained. 
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Female age is one of the most significant factors that impacts human fertility. The average age 

of child bearing has steadily increased over the last few decades, driven by medical trends such 

as improved access to contraception and social trends such as increased opportunities for 

women to pursue their education and career (Damario 2014).  The median age of childbearing 

has risen to around 30 years in New Zealand women, with similar trends being observed across 

other developed countries (Lutz et al. 2003, MacPherson 2014).   The mismatch between the 

delayed age and optimal biological age of childbearing has resulted in a rise in infertility and 

an increased reliance on medical intervention (ESHRE. 2014, ICMART. 2015).   

 

1.4.2   Treatment of infertility  

 

Diagnostic and therapeutic strategies for infertile couples have undergone rapid development 

in the past few decades (Damario 2014).  Once infertility has been diagnosed, treatment can be 

in the form of three main categories.  Medical treatment, involving the administration of drugs, 

or alternatively surgical treatment, may be able to restore fertility (Damario 2014).  Assisted 

reproductive technologies (ART) are a group of treatments that involve the in vitro handling 

of sperm, oocytes or embryos.  ART treatments include the artificial insemination of sperm 

into the uterus, the in vitro fertilisation (IVF) of embryos outside the body, and any treatments 

involving the donation of gametes or embryos between donors and recipients (Damario 2014).  

Infertility is not only a medical condition, but is a social issue as well (Greil et al. 2010).  

Having children is a central part of life for many people, and the diagnosis of infertility can 

bring with it great sadness.  The experience of infertility has been associated with grief, distress, 

anxiety and feelings of isolation (Greil et al. 2010, Ying et al. 2016).  Infertility is increasingly 

becoming overcome however through the use of ART.  These treatments have enabled many 

couples to have families, who would otherwise struggle to conceive without medical 

intervention.   
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   In vitro fertilisation (IVF) 

 

In vitro fertilisation (IVF) is now a routine treatment for infertility (Macaldowie et al. 2015). 

The development of IVF was built on decades of fundamental research.  From the 1960’s 

onwards Robert Edwards and colleagues produced the fundamental research that would later 

result in the birth of the world’s first IVF baby (Kirby 2010).  Techniques for the in vitro 

maturation of human oocytes and later, the laparoscopic recovery of pre-ovulatory oocytes 

following gonadotropin administration were developed (Edwards et al. 1969, Johnson 2011).  

Alongside these advancements, fertilisation and the development of human embryos in vitro 

was successfully attempted (Edwards et al. 1969, Edwards et al. 1970, Johnson 2011).    

The collaboration between Robert Edwards and clinician Patrick Steptoe resulted in the birth 

of the world’s first IVF baby, Louise Brown, in 1978 (Steptoe and Edwards 1978).  This first 

successful IVF was achieved in a patient with tubal infertility.  A mature oocyte was retrieved 

from a natural ovarian cycle, fertilised in a petri dish and transferred into the uterus at the 8 cell 

stage of embryo development (Steptoe and Edwards 1978). This milestone marked the 

beginning of in vitro fertilisation as a method to treat infertility.  In 2010, the Nobel Prize for 

Physiology or Medicine was awarded to Robert Edwards for developing IVF (Kirby 2010).   

Over the past few decades, advancing knowledge and new technologies have contributed to a 

rise in IVF success rates and safer practices (Johnson 2011). The introduction of drugs for 

ovarian stimulation allowed follicle development to be controlled (Homburg 2014).  The 

vaginal ultrasound probe and needle were also developed for follicle aspiration.  In the 

laboratory, embryo culture conditions were optimised and meticulously controlled, and the 

relationship between embryo morphology and implantation was studied (Johnson 2011).  It 

was observed that embryo morphology was linked to pregnancy success; however it was noted 

early on that this relationship was only loosely correlated (Cummins et al. 1986).  To date, 

there is no single aspect of morphology that can predict, with certainty, which embryo will 

result in a live birth. 
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1.5.1 The IVF process  

 

The first step during the IVF process is the administration of fertility drugs for ovarian 

stimulation, typically involving the gonadotropin FSH (Luk and Patrizio 2013).  Oocyte pick 

up is then performed to aspirate oocytes from the mature ovarian follicles (Luk and Patrizio 

2013).  The oocytes are then inseminated with sperm from the woman’s partner or donor.  This 

can be done using two different insemination techniques, either traditional IVF, in which the 

oocytes and sperm are bought together, or intracytoplasmic sperm injection (ICSI) in which a 

single sperm is injected into the oocyte (Ross 2013).  

The resulting embryos develop in the IVF laboratory for up to 6 days, during which time they 

are monitored by light microscopy around once a day (Alpha Scientists in Reproductive 

Medicine and ESHRE Special Interest Group Embryology 2011).  By day 2 and 3 following 

insemination, the normally developing embryo will be at the cleavage stage, having undergone 

cell division to reach the 4 to 8 cell stage (Srinivas and Watanabe 2013).  By day 5 or 6, the 

normally developing embryo will be at the blastocyst stage, having undergone cellular 

differentiation.  The cells (50-100) of the blastocyst have differentiated into an inner cell mass, 

which goes on to form the fetus, and trophectoderm which goes onto form the placenta 

(Srinivas and Watanabe 2013).  One or more embryos may be selected for transfer into the 

uterus at either the cleavage stage or the blastocyst stage of development (Macaldowie et al. 

2015).  Surplus embryos may be cryopreserved, which is a method of storing embryos for 

future use in a subsequent cycle (Wong et al. 2014).  A summary of the IVF process is shown 

in figure 1.8.  
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Figure 1-8 : The IVF process 

Fertility drugs are administered to stimulate the ovaries to produce a cohort of mature follicles.  

Mature oocytes are surgically aspirated and then inseminated with sperm in vitro.  The resulting 

embryos develop in a laboratory.  Usually just one embryo will be selected for transfer into the 

uterus.  

 

Over the 40 years since the first successful IVF treatment there have been over 6 million 

children born through the use of ART (ICMART. 2015).  Recent reports from developed 

countries suggest that between 1% and 3% of all babies born are conceived through the use of 

ART (ESHRE. 2014).   This number continues to rise, especially given the social trends that 

drive delayed childbearing (ESHRE. 2014, Macaldowie et al. 2015).  The average age of 

women undergoing IVF treatment across Australia and New Zealand is 36 years, with around 

one in four above the age of 40 years (Macaldowie et al. 2015). 
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   Ovarian stimulation 

 

A key step during IVF is ovarian stimulation. The goal of this treatment is to stimulate the 

ovaries to produce multiple mature oocytes for insemination (Luk and Patrizio 2013). The 

generation of a cohort of embryos overcomes inefficiencies that are associated with the 

fertilisation and culture of embryos in vitro.  From the cohort of embryos, a single embryo is 

selected for transfer into the uterus and surplus embryos that are not initially transferred can be 

cryopreserved for use in a later cycle (Shrestha et al. 2015).  

During ovarian stimulation, fertility drugs are administered to override the natural process of 

follicle dominance and the ovulation of a single oocyte (Homburg 2014).  FSH is given at 

supra-physiological levels to stimulate follicle development (Shrestha et al. 2015).  These high 

doses recruit multiple follicles to develop and their growth occurs in synchrony (Homburg 

2014).  FSH administration is sustained throughout the stimulation period and results in the 

complete development and maturation of the recruited follicles.  In this way, the follicles that 

mature are rescued from atresia, where no single dominant follicle develops, as would be the 

case in a natural ovarian cycle (Homburg 2014, Luk and Patrizio 2013).   

In addition to FSH administration, preparations of fertility drugs also include analogues of 

gonadotropin releasing hormone (GnRH) and human chorionic gonadotropin (hCG) (Homburg 

2014, Luk and Patrizio 2013).  As multiple follicles develop under the influence of supra-

physiological levels of gonadotropins, high levels of oestrogens are secreted.  This can produce 

a positive feedback mechanism, in which a premature rise in LH and subsequent luteinisation 

of the follicles can result. This is undesirable and can lead to cycle cancellation (Homburg 

2014).  This is overcome by administering preparations of GnRH analogues in order to supress 

pituitary gonadotropin production and prevent the release of LH. These GnRH analogues are 

produced by modifying sites on the GnRH molecule that are important for its physiological 

actions, thereby changing the biological properties of the native molecule (Luk and Patrizio 

2013).   

Another important component of ovarian stimulation is the ovulation trigger.  hCG is 

commonly used, which acts as a substitute to LH (Homburg 2014).  This is enabled as the two 

molecules are very similar, and both have a high degree of specificity for the same receptor.  

The ovulation trigger elicits two effects.  Firstly it allows the oocytes to undergo their final 

stages of maturation, promoting the completion of meiosis from prophase I to metaphase II.  
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Secondly, it causes the follicles to rupture and the cumulus cells to detach from the follicle wall 

(Homburg 2014).  Allowing time for the final maturation of the follicles, the hCG trigger is 

administered around 36 hours prior to transvaginal ultrasound guided aspiration of the follicles 

(Luk and Patrizio 2013).  A summary of ovarian stimulation is presented in figure 1.9.   
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Figure 1-9: Ovarian stimulation  

Supra-physiological levels of follicle stimulating hormone (FSH) are administered to maintain the growth of multiple ovarian follicles.  Prior to 

or alongside FSH stimulation, gonadotropin releasing hormone (GnRH) analogues are administered to prevent a premature LH surge.  Ultrasound 

is used to monitor the number and size of the developing follicles.  Human chorionic gonadotropin (hCG) is administered to trigger the oocytes to 

undergo their final stages of maturation.  Multiple mature oocytes are surgically aspirated at oocyte pick up (OPU). 
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1.6.1   Ovarian stimulation regimens 

 

There are two types of GnRH analogues that are used for improved cycle management during 

ovarian stimulation, agonists and antagonists (Shrestha et al. 2015).  GnRH agonists have an 

enhanced affinity for the GnRH receptor, producing a biological response when bound (Pai et 

al. 2015). This produces a short initial surge of stored pituitary gonadotropins, which is known 

as the ‘flare up’ effect (Homburg 2014, Luk and Patrizio 2013).  Following the initial release 

of endogenous FSH and LH from the pituitary, there is a secondary inhibition when the GnRH 

agonist is given continuously. This results in the down regulation and desensitisation of the 

GnRH receptors following around 10 to 14 days of continuous administration (Luk and Patrizio 

2013).  Following this down regulation, endogenous levels of FSH and LH decline, ultimately 

lowering oestrogen levels (Homburg 2014).  

In contrast, GnRH antagonists have a change in the positions of the molecule that are 

responsible for biological activity, but retain high affinity binding of the GnRH receptor 

(Khalaf and Kamal-Sunkara 2015, Luk and Patrizio 2013). By binding to the receptor, the 

GnRH antagonist prevents the native GnRH molecule from gaining access, but does not 

produce an initial ‘flare up’ response like that of the GnRH agonist (Homburg 2014). Following 

GnRH antagonist administration, levels of FSH and LH decline immediately, in contrast to the 

GnRH agonist which takes longer to down regulate gonadotropin release (Homburg 2014, 

Khalaf and Kamal-Sunkara 2015).  

There are a number of different stimulation protocols available, and the regimen of stimulation 

is dependent on the cause of infertility, patient age, body mass index (BMI), ovarian reserve 

and response to stimulation in a previous IVF cycle (Homburg 2014).  Measurement of AMH 

is used to predict response to ovarian stimulation (Iliodromiti et al. 2015).  AMH has the ability 

to predict both poor and excessive ovarian response, allowing modification of the ovarian 

stimulation regimen accordingly. This can prevent the negative IVF outcomes that are 

associated with undesirable ovarian response (Iliodromiti et al. 2015).   There are two general 

categories of ovarian stimulation.  Firstly, there is the long or luteal phase protocol and 

secondly there is the short or follicular phase protocol (Luk and Patrizio 2013).   

In general, a long protocol will administer a GnRH agonist in the mid luteal phase, when the 

gonadotropins are near their baseline level (Pai et al. 2015). Following suppression of 

endogenous gonadotropin release, exogenous FSH stimulation can begin (Homburg 2014). The 
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response to stimulation after 4-5 days can then be assessed by transvaginal ultrasound (Luk 

and Patrizio 2013).  The dose of gonadotropin can then be increased or decreased depending 

on the number and size of developing follicles.  When enough follicles reach 18 to 20 mm in 

diameter, hCG is administered to trigger ovulation (Homburg 2014, Shrestha et al. 2015).  

There are two categories of ovarian short protocols, each employing different GnRH analogues. 

These regimens are the microdose GnRH agonist and the GnRH antagonist (Luk and Patrizio 

2013). For the GnRH agonist regimen, microdoses of GnRH agonist are administered alongside 

exogenous FSH stimulation (Luk and Patrizio 2013, Pai et al. 2015, Shrestha et al. 2015).  The 

response to stimulation is then assessed and the gonadotropin dose adjusted as in the long 

protocol.  This short protocol utilises the initial ‘flare up’ effect of the GnRH agonist to promote 

endogenous FSH release and follicular recruitment (Homburg 2014).  In the second protocol a 

GnRH antagonist is administered following an initial phase of exogenous gonadotropin 

stimulation (Khalaf and Kamal-Sunkara 2015). Once the lead follicle reach around 13 mm, the 

GnRH antagonist is administered to cause the immediate suppression of endogenous 

gonadotropins, thus supressing the LH surge up until the ovulation trigger is given (Homburg 

2014).  

 

1.6.2   Ovarian stimulation and oocyte quality  

 

The regimen of ovarian stimulation can have a large impact on IVF outcome.  However, the 

effect that ovarian stimulation has on oocyte quality as such, is unclear (Bosch et al. 2016).  

Ovarian stimulation may impact the receptivity of the endometrium as evidenced by the higher 

pregnancy rates that are observed in thawed embryo transfer cycles (Aflatoonian et al. 2010, 

Shapiro et al. 2011a, Shapiro et al. 2011b).  It has been suggested that ovarian stimulation may 

alter aspects of ovarian physiology, however not all studies have shown this association (Cree 

et al. 2015, de los Santos et al. 2012, von Wolff et al. 2014).  There appears to be no difference 

however in live birth rates between the GnRH agonist long protocols compared to the GnRH 

antagonist protocol, suggesting that there is no impact on oocyte quality between the two types 

of GnRH analogues (Al-Inany et al. 2016). 

Studies in animals have shown a negative impact of higher doses of gonadotropins on oocyte 

quality (Bosch et al. 2016).  In mice, high levels of ovarian stimulation has been shown to result 
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in poorer embryo development and implantation potential (Edwards et al. 2005, Ertzeid and 

Storeng 2001, Van der Auwera and D'Hooghe 2001).  In the mouse and hamster, it has also 

been demonstrated that this occurs in a dose dependent manner (Edwards et al. 2005, Lee et al. 

2005).  Studies in humans are limited in number however, and those published to date are 

conflicting.  There is some evidence to suggest that milder ovarian stimulation produces a 

smaller cohort of higher quality embryos (Baart et al. 2007, Hohmann et al. 2003).  A 

randomised control trial demonstrated that lower cumulative doses of FSH resulted in a lower 

number of oocytes collected, but better embryo quality and consequently more embryo 

transfers per retrieval (Hohmann et al. 2003).   

It is unclear whether ovarian stimulation increases the rate of oocyte and embryo aneuploidy.  

Some studies report that milder ovarian stimulation is associated with a lower rate of embryo 

aneuploidy (Baart et al. 2007, Hohmann et al. 2003).  A recent randomised control trial 

demonstrated that lower doses of FSH resulted in a lower number of embryos, but a lower rate 

of aneuploidy, suggesting that more aggressive stimulation may compromise oocyte genetics 

(Baart et al. 2007).  Conversely, a recent study reported that there was no difference in the 

aneuploidy rate between consecutive natural ovarian cycles and stimulated cycles in the same 

cohort of oocyte donors (Labarta et al. 2012).  However, the oocyte donors were below the age 

of 35 years, so this finding may not completely represent the effects of ovarian stimulation 

following ovarian ageing.  A different study showed that a high ovarian response to standard 

ovarian stimulation does not seem to be associated with an increased rate of aneuploidy, and 

rather, is associated with a higher rate of live birth overall (Ata et al. 2012, Drakopoulos et al. 

2016).  Future studies should aim to delineate the effects of ovarian ageing and ovarian 

stimulation on oocyte quality.  It is plausible that ovarian stimulation may rescue oocytes that 

would otherwise be destined for atresia in a natural ovarian cycle, therefore further research is 

required to determine the effect that ovarian stimulation has on oocyte quality, and how this 

information can be used to optimise clinical protocols.  

 

   Single embryo transfer  

 

The ultimate goal of IVF is the delivery of a healthy singleton at term.   To reach this end point, 

single embryo transfer policies need to be implemented in order to reduce multiple pregnancies 

(Grady et al. 2012).  Multiple pregnancies are the most significant cause of mortality and 
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morbidity in IVF, carrying complications for both the mother and neonates (Grady et al. 2012, 

van Heesch et al. 2014). Compared to singletons, the rate of pre-term delivery and low birth 

weight is higher for neonates arising from multiple pregnancies (Grady et al. 2012, van Heesch 

et al. 2014).  Pre-term delivery not only increases the rate of perinatal mortality and but is also 

associated with an increased risk of long term physical disability. Among these conditions, the 

incidence of cerebral palsy is markedly increased following multiple pregnancies (Hvidtjorn et 

al. 2010).  The risks caused by multiple pregnancies represent an overwhelming burden for the 

health care system (van Heesch et al. 2015).  

 

1.7.1   Implementation of single embryo transfer  

 

Through the implementation of single embryo transfer policies, multiple pregnancies can be 

greatly reduced (Grady et al. 2012). The success of such policies have been demonstrated in 

Australia and New Zealand.  Over the past decade, there has been a drastic rise in the proportion 

of cycles transferring a single embryo.  In 2005, 48% of all embryo transfer cycles involved 

the transfer of a single embryo, and this has increased to 79% in 2013 (Macaldowie et al. 2015).  

Double embryo transfers accounted for the remaining 20% of the cycles, with less than 1% 

having more than two embryos transferred (Macaldowie et al. 2015).  Through the 

implementation of these policies, the proportion of multiple deliveries has decreased steadily 

and is now below 6%, representing a significant reduction in the risks posed to the mother and 

neonates (Grady et al. 2012, Macaldowie et al. 2015).  While the majority of cycles are single 

embryo transfer, the clinical decision regarding the number of embryos to transfer is dependent 

on female age, the cause of infertility and embryo quality (Macaldowie et al. 2015). 

While single embryo transfer polices have been implemented across many different countries, 

their uptake varies globally (Dyer et al. 2016, Maheshwari et al. 2011).  The rates of single 

embryo transfer by world region is shown in figure 1.10, with data (2010) from the 

International committee for monitoring Assisted Reproductive Technologies (Dyer et al. 2016).  

Australia and New Zealand are among the countries showing the highest rates, and the United 

States among the countries showing the lowest uptake of single embryo transfer (Maheshwari 

et al. 2011).  There are a number of clinical, social and economic reasons for the varying levels 

of uptake (Maheshwari et al. 2011).  In general however, the global rates of single embryo 
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transfer are increasing steadily, with this being a major goal of IVF for safer practice (Dyer et 

al. 2016, ICMART. 2015). 
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Figure 1-10: Rates of single embryo transfer by world region 

The percentage of fresh (non-donor) IVF and ICSI cycles that are single embryo transfer by world region.  Australia and New Zealand practice 

the highest rates of single embryo transfer (64%).  Other regions, such as North America, practice the lowest rates of single embryo transfer (below 

20%). Data (2010) is from the most recent world report from the International committee for monitoring Assisted Reproductive Technologies 

(Dyer et al. 2016).  
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One of the major concerns that obstruct the universal implementation of single embryo transfer 

is the perception that there is a reduced chance of pregnancy when compared to the transfer of 

multiple embryos (Maheshwari et al. 2011). This is primarily because of the inability of 

standard embryo selection methods to select with certainty the embryo that will most likely 

result in a healthy live birth.  This uncertainty introduces the possibility of selecting and 

transferring an embryo that lacks developmental competence and is destined to result in an 

implantation failure or miscarriage. This increases the time to pregnancy, whereby multiple 

IVF cycles may be needed to achieve success (Maheshwari et al. 2011).  Thus, in order for 

strict single embryo transfer polices to become incorporated into IVF practice globally, and to 

improve their success rates in countries that are already implementing them, novel strategies 

for embryo selection need to be developed.  

 

   Embryo selection and morphological grading  

 

Embryo selection is a critical step of the IVF process. Following ovarian stimulation and oocyte 

insemination, there is a heterogeneous cohort of embryos with varying levels of viability.  In 

line with single embryo transfer policies, the goal is for just one of those embryos to be 

transferred into the uterus (Macaldowie et al. 2015). This introduces the challenge of how to 

select an embryo for transfer from a given patient cohort.  The ideal method for embryo 

selection would ensure that the embryo most likely to result in a live birth was chosen (Gardner 

et al. 2015). At present, no such method of embryo selection can determine this with certainty.   

To date, morphological grading has remained the standard method for embryo selection during 

IVF (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group 

Embryology 2011).  Morphological grading is performed by assessing the morphology and 

developmental rate of the embryo by light microscopy. These grading systems employ a series 

of checks during embryo development, up to once a day, in order to assess whether the embryo 

exhibits normal morphology at defined time-points. There are many aspects of embryo 

development that are assessed during morphological grading, namely oocyte maturity, 

fertilisation, cleavage rate, blastomere multinucleation, symmetry and fragmentation, and 

blastocyst development (Alpha Scientists in Reproductive Medicine and ESHRE Special 

Interest Group Embryology 2011).  
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1.8.1   Oocyte assessment and fertilisation  

 

The first stage of morphological grading is the assessment of oocyte maturity. Following hCG 

administration, the oocytes progress through meiosis.  The morphological progression of these 

events begins with germinal vesicle breakdown and the extrusion of the first polar body.  Only 

oocytes that are in metaphase II, shown by the extrusion of the first polar body, will be able to 

undergo the process of fertilisation (Coticchio et al. 2015).  Hence, only these oocytes are 

chosen for ICSI.  In the case of IVF, oocyte maturity cannot be assessed at the time of 

insemination due to the surrounding cumulus cells.  

Fertilisation is assessed between 16 and 18 hours following insemination.  Normal fertilisation 

is confirmed by the presence of two pronuclei, one male and one female, with multiple nucleoli 

in each pronuclei (figure 1.11) (Alpha Scientists in Reproductive Medicine and ESHRE Special 

Interest Group Embryology 2011).  The pronuclei should be centrally located and appose one 

another. Additionally, the presence of two polar bodies indicates the completion of the second 

meiosis. Abnormal fertilisation is evidenced by the absence of the pronuclei or the presence of 

an abnormal number of pronuclei, most commonly one or three.  Other abnormalities may be 

apparent if the two pronuclei are unequal in size, fail to come together, or if the nucleoli are 

small and scattered throughout the pronuclei (Alpha Scientists in Reproductive Medicine and 

ESHRE Special Interest Group Embryology 2011).  
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Figure 1-11: Fertilisation morphology 

Successful fertilisation is shown by the presence of two pronuclei. Embryos that have an 

abnormal number of pronuclei (one or three) will be excluded from embryo transfer.  

 

 

1.8.2   Morphology at the cleavage stage  

 

The occurrence of cell division is the most important early indicator that the embryo is 

progressing through development and has not undergone arrest (Rhenman et al. 2015).  By day 

2, a normally developing embryo should have undergone the first and second cell cycle shown 

by the presence of four evenly sized blastomeres between 44 and 45 hours following 

insemination.  On day 3, normal embryo development is shown by the completion of the third 

cell cycle, resulting in the presence of eight evenly sized blastomeres between 65 and 66 hours 

following insemination (figure 1.12) (Alpha Scientists in Reproductive Medicine and ESHRE 

Special Interest Group Embryology 2011).  
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Figure 1-12: Cleavage stage morphology  

Successful cleavage stage development is shown by the presence of four blastomeres on day 

2. On day 3, this is shown by the presence of eight blastomeres.  Embryos that show the normal 

number of blastomeres at the cleavage stage will be preferentially selected for transfer. 

 

Following these early divisions, each blastomere should have a single nucleus, indicating the 

correct chromosomal complement (Alpha Scientists in Reproductive Medicine and ESHRE 

Special Interest Group Embryology 2011).  Blastomeres that have more than a single nucleus 

are defined as being multinucleated.  Multinucleated embryos are more likely to have 

chromosomal abnormalities and a decreased implantation potential (Ergin et al. 2014, 

Rhenman et al. 2015).  Similarly, blastomeres that are uneven in size following cell division 

have been associated with chromosomal abnormalities and a lower pregnancy rate, but this is 

potentially less predictive of developmental potential compared to multinucleation (Rhenman 

et al. 2015).  

Fragmentation during the cleavage stage can indicate poor embryo development (figure 1.13). 

A fragment is as an extracellular membrane bound structure with no nucleus. Typically, a 

fragment should be less than 45 µm in diameter for day 2 embryos, and less than 40 µm in 

diameter for day 3 embryos (Alpha Scientists in Reproductive Medicine and ESHRE Special 

Interest Group Embryology 2011).  Mild levels of fragmentation, taking up less than 10% of 

the volume of the embryo is common for in vitro fertilised embryos, and the impact on 
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developmental competence appears to be negligible (Van Royen et al. 2001). Moderate 

fragmentation (10% to 25%) and severe fragmentation (over 25%) can indicate abnormal 

embryo development (Rhenman et al. 2015). These higher levels of fragmentation can reduce 

cell volume, depleting organelles such as mitochondria and promoting overall cellular 

disorganisation.  The cause of fragmentation is unknown, although it has been associated with 

chromosomal aberrations and apoptosis (Antczak and Van Blerkom 1999, Chavez et al. 2012, 

Hardy 1999).  

 

 

 

Figure 1-13: Fragmentation morphology 

Fragmentation of cells at the cleavage stage can indicate poor embryo viability.  Embryos that 

show high levels of fragmentation will be preferentially de-selected for transfer.  

 

1.8.3   Morphology at the blastocyst stage  

 

Following compaction, a normally developing embryo progresses to the blastocyst stage at day 

5 or 6. The blastocyst has a fluid filled blastocoele cavity, an inner cell mass which goes on to 

form the fetus and an outer trophectoderm which goes on to form the placenta (figure 1.14). 

The Gardner grading scheme is used to grade the blastocyst for embryo selection (Gardner et 

al. 2000).  The scheme assigns a score based on the degree of expansion of the blastocoele 

cavity, the number and compaction level of cells that make up the inner cell mass and the 

number and cohesion of cells that form the trophectoderm (Gardner et al. 2000).  
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Figure 1-14: Blastocyst stage morphology 

On day 5 or 6 of development the embryo progresses to the blastocyst stage.  The blastocyst 

has an inner cell mass and an outer layer of trophectoderm cells.  Blastocyst grade is based on 

the level of expansion and the number and quality of cells that make up the inner cell mass and 

trophectoderm.   

 

The degree of expansion of the blastocoele cavity is graded by the numbers 1, which describes 

an early blastocyst, to 6, which describes a blastocyst that is fully hatched from the zona 

pellucida (Gardner et al. 2000).   Blastocysts which have at least a moderately expanded 

blastocoele cavity, enabling visualisation of cells within the blastocyst, are assigned a grade 

for the inner cell mass and a separate grade for the trophectoderm.  Grade A describes many 

cells that are tightly packed or cohesive, B describes several cells that are loosely associated or 

moderately cohesive and C describes very few cells (Gardner et al. 2000).   

Extended culture to the blastocyst stage results in higher rates of clinical pregnancy and live 

birth compared to day 3 transfers (Adamson et al. 2016, Gardner et al. 2000, Papanikolaou et 

al. 2005).  A randomised control trial has confirmed that blastocyst transfer improves the live 

birth rate when at least four embryos have progressed through to the cleavage stage at day 3 of 

development (Papanikolaou et al. 2005).  Overall, 164 good prognosis patients were 

randomised to either day 3 or day 5 embryo transfer, and it was found that overall blastocyst 

transfer resulted in a 20%  increase in the chance of a live birth, demonstrating the effectiveness 



38 

 

of extended culture on clinical outcomes (Papanikolaou et al. 2005).  It is thought that the 

higher rates of live birth following blastocyst transfer are primarily attributed to lower rates of 

aneuploidy at the blastocyst stage compared to the cleavage stage of development (Adler et al. 

2014, Fragouli et al. 2013b).  Thus, extended culture to the blastocyst stage self-selects for 

chromosomally normal embryos that are capable of normal development.   

Embryos of a higher blastocyst grade show reduced rates of aneuploidy compared to those of 

a lower grade, demonstrating that the blastocyst grading scheme does have an aneuploidy 

predictive value (Capalbo et al. 2014).  A large study of around 1000 blastocysts investigated 

the relationship between blastocyst grade and aneuploidy in patients that were either over the 

age of 35 years, or had a history of unsuccessful IVF cycles.  Those blastocysts that had both 

their inner cell mass and trophectoderm graded with an A, had a 56% euploid rate.  In contrast, 

those blastocysts that had their ICM and TE graded with an AB or BA, had a 39% euploid rate 

(Capalbo et al. 2014). Very poor quality blastocysts, that would not normally be transferred 

following extended culture, had only a 26% euploid rate (Capalbo et al. 2014).  It should be 

noted however, that even in the group showing the highest blastocyst grade, around half of the 

embryos were still aneuploid. Therefore, morphology can at best predict euploidy half of the 

time (Capalbo et al. 2014).   

Given the strong evidence for the ability of extended culture to increase live birth rates, embryo 

selection at the blastocyst stage is becoming increasingly utilised, compared to day 2 and 3 

transfer (Macaldowie et al. 2015, Marsh et al. 2012).  Across Australia and New Zealand, there 

has been a shift from cleavage stage to blastocyst stage transfers in the last five years, with 

around 60% of all transfers now occurring at the blastocyst stage (Macaldowie et al. 2015).  

There is still debate however regarding the effect of extended culture on the embryo and 

subsequent perinatal outcomes.  Two meta-analyses have reported that blastocyst stage transfer 

is associated with a higher rate of pre-term delivery compared to cleavage stage transfer (Dar 

et al. 2014, Maheshwari et al. 2013).  Additionally, blastocyst stage transfer may increase the 

rate of congenital abnormalities, however further studies are needed to confirm this finding 

(Dar et al. 2014).  It has been proposed that epigenetic changes occurring in the embryo 

following extended culture may be linked to these findings (Maheshwari et al. 2016).  Although 

epigenetic changes have been supported by animal studies, the evidence in humans is limited 

by the small number of studies performed to date, and the inability to make in vivo comparisons 

(Maheshwari et al. 2016, van Montfoort et al. 2012).   
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   Time-lapse microscopy 

 

The morphological assessment of embryos indicates the rate of development, with the 

possibility of observing aberrant events such as severe fragmentation or multinucleation, and 

the visualisation of blastocyst grade during extended culture.  However, the number of 

viewings outside the incubator is limited to once a day by necessity.  Excess handling is avoided 

to prevent the embryo experiencing fluctuations in temperature and pH, which could lead to 

suboptimal conditions and reduced developmental competency (Zhang et al. 2010).  By 

limiting the number of viewings, static observations may not completely disclose the 

developmental time-line of the embryo.  For example, abnormal cell divisions may be missed 

between observations (Rubio et al. 2012).  For this reason that there has been a great deal of 

interest in time-lapse monitoring systems over recent years (Goodman et al. 2016, Meseguer 

et al. 2011, Rubio et al. 2014).  

Time-lapse monitoring systems have built in cameras which take pictures of the developing 

embryo every 5 to 20 minutes.  Compared to traditional morphological grading, there are two 

potential benefits of time-lapse monitoring.  Firstly, time-lapse incubators represent a closed 

culture system that has minimal disturbance to the embryo.  Secondly, the continuous 

monitoring allows more information to be available with which to select an embryo for transfer 

(Racowsky et al. 2015).   A more detailed picture of embryo development can be gained 

whereby the timing of cell division and developmental milestones can be calculated (figure 

1.15).  This vastly increases the amount of information available for embryo assessment, and 

enables algorithms indicating normal embryo development to be built (Meseguer et al. 2011). 
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Figure 1-15: Time-lapse monitoring  

Time-lapse microscopy enables continuous monitoring of embryo morphology. Time-lapse microscopes record images of the embryo developing 

every 5 to 20 minutes, from the time of insemination to the blastocyst stage of development. The time of pro-nuclear breakdown (PNB) can be 

observed at around 23 hours after insemination. The first cleavage, and subsequent early cleavages can be observed between 25-56 hours after 

insemination. Morula formation begins at around 83 hours. The blastocoele cavity then begins to form, marking the start of blastulation at 

approximately 95 hours.  Expansion of the blastocyst can be observed at around 110 hours after insemination.  The timing of developmental events 

can be determined by manual or automatic annotation of images recorded during the time-lapse monitoring.  
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1.9.1   Closed culture  

 

The closed culture aspect of time-lapse monitoring offers minimal disturbance to the embryo, 

whereby fluctuations in temperature, pH and humidity are reduced.  Two randomised control 

trials have assessed the effects of closed culture on embryo development (Kirkegaard et al. 

2012, Park et al. 2015).  One large study of 364 patients found that closed culture did not 

increase embryo quality on day 2, nor did it increase the pregnancy rate following embryo 

transfer on day 2 (Park et al. 2015).  A limitation of this study is the short incubation time, only 

occurring up to day 2 of development, meaning that the control group only left the incubator a 

couple more times than the closed culture group (Park et al. 2015). A different study assessed 

later embryo development, finding that closed culture did not improve embryo development 

on day 2 or 3, nor did it result in an increase in the number of blastocysts produced, however 

this was a much smaller study of 59 patients (Kirkegaard et al. 2012).  Embryo quality at day 

3,  and especially at the blastocyst stage following prolonged culture, needs to be assessed in a 

large randomised control trial in order to fully determine the effects of closed culture on embryo 

development.  

 

1.9.2   Time-lapse parameters 

 

The use of time-lapse parameters may independently improve embryo selection.  Early time-

lapse parameters may be predictive of the future development of the embryo to the blastocyst 

stage of development (figure 1.16).  Several early time-lapse parameters are predictive of 

development to the blastocyst stage and also blastocyst grade, but there has been limited 

consensus about which time-lapse parameters are the most predictive, with some showing no 

association (Cruz et al. 2012, Hashimoto et al. 2012, Kirkegaard et al. 2013, Meseguer et al. 

2011, Wong et al. 2010).  A predictive algorithm for blastocyst development would be useful 

when performing day 2 or 3 transfer, but if accurate, could eventually reduce the need for 

prolonged culture to the blastocyst stage of development (Racowsky et al. 2015). 
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Figure 1-16: Early time-lapse parameters to predict embryo viability 

Early time-lapse parameters can be measured and the rate of embryo development may predict 

future embryo viability. The timing to reach pro-nuclear breakdown (PNB), 2 cells, 3 cells, 4 

cells and 5 cells can be accurately calculated.  Additionally, the timing of the cleavage intervals 

between 2-3 cells and between 3-5 cells can be calculated to measure cell cycle times. The 

cleavage interval between 3-4 cells enables the synchrony of cell division to be measured. 

Several early time-lapse parameters may be predictive of progression to the blastocyst stage 

and blastocyst grade.  

 

 

Some studies have shown an association between time-lapse parameters and implantation 

potential.  Embryos that do implant tend to show narrow developmental timings for early 

cleavage events, and deviation from these can indicate poorer developmental competence 

(Meseguer et al. 2011).  A hierarchical prediction model was developed using both morphology 

and time-lapse parameters.  A large retrospective study of around 8000 patients showed that 

the use of this model for embryo selection increased the rate of clinical pregnancy from 45% 

to 54% (Meseguer et al. 2012).  It should be noted however that around 60% of the patients 

were young oocyte donors, which may limit the translation of this model to a general IVF 

population.  A separate study showed that embryos exhibiting direct cleavage from 1 to 3 cells 

had only a 1% implantation rate, suggesting that this time-lapse parameter could de-select 

embryos for transfer (Rubio et al. 2012).  It is likely that time-lapse algorithms for embryo 

selection will need to be optimised and validated for different centres.   
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1.9.3   Randomised control trial evidence for time-lapse microscopy 

 

The combined effect of closed culture and embryo selection using time-lapse parameters was 

compared to standard incubation and morphological grading in a large randomised control trial 

which included 843 couples (Rubio et al. 2014).  In this study, embryo selection was performed 

using a hierarchical prediction model that included early time-lapse parameters.  The time-

lapse group showed a 10% increase in the rate of ongoing pregnancy, providing evidence that 

time-lapse monitoring can improve reproductive outcomes (Rubio et al. 2014).  The limitations 

of this study were that single embryo transfer was not exclusively performed, and both day 3 

and day 5 transfers were included with no additional sub analysis (Rubio et al. 2014).  A recent 

Cochrane Review which included this study, and two smaller randomised control trials 

contributing a further 138 couples, determined that there was no difference in the clinical 

pregnancy rate following time-lapse monitoring when compared to standard incubation 

(Armstrong et al. 2015a).  

A more recent randomised control trial assessed whether the addition of time-lapse parameters 

improved reproductive outcomes compared to conventional morphological grading once a day, 

when all embryos were examined in a closed culture system (Goodman et al. 2016). This study 

included 235 patients randomised to either time-lapse analysis or conventional morphological 

grading.  While it was shown that there was an overall increase in the rates of implantation and 

clinical pregnancy in the group that included additional time-lapse assessment, it did not reach 

statistical significance.  It was therefore hypothesised that the increased clinical pregnancy rates 

observed in the previously reported randomised control trial (Rubio et al. 2014) was mainly 

attributed to the benefits of closed culture on embryo development (Goodman et al. 2016).  

The more recent time-lapse study also included an analysis of day 3 transfer compared to day 

5, where there was a threefold higher clinical pregnancy rate for blastocyst transfer during 

closed culture (Goodman et al. 2016). Therefore, studies are needed to determine whether time-

lapse parameters are predictive of blastocyst progression.  It is important to know whether 

equivalent selection can be obtained with the use of early time-lapse parameters, compared to 

extended culture to the blastocyst stage, which would be useful in the case of day 2 and 3 

transfer.  Indeed, one study has suggested that pregnancy rates are higher following the use of 

time-lapse parameters in patients undergoing day 3 transfer, compared to standard morphology 

assessment (Adamson et al. 2016).  Further, there are currently differences in the time-lapse 
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parameters used for embryo selection and culture conditions across the different studies 

published to date. This makes it difficult to determine whether there is universal benefit of 

time-lapse in a general IVF population.  

Future randomised control trials assessing the clinical benefits of time-lapse monitoring should 

ideally have three arms in order to assess both the combined and the independent effects of 

closed culture and embryo selection using time-lapse parameters (Racowsky et al. 2015). The 

first group should include time-lapse incubation in combination with time-lapse parameters for 

embryo selection.  This should be compared to a second group which includes standard 

incubation in combination with morphology grading in order to assess the combined effects of 

time-lapse monitoring.  A third group should include time-lapse incubation and standard 

morphology grading to assess the independent effects of closed culture on embryo 

development. By comparing this group with the first group, the independent effect of time-

lapse parameters for embryo selection can be assessed (figure 1.17) (Racowsky et al. 2015). 
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Figure 1-17: Closed culture and embryo selection using time-lapse parameters 

The clinical benefit of time-lapse monitoring will be determined by assessing the combined 

and independent effects of closed culture and time-lapse parameters for embryo selection.  
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  ‘Omic’ biomarkers of embryo viability  

 

Morphology evaluation, including continuous morphology evaluation through time-lapse 

monitoring, does not necessarily represent embryo physiology.  Even embryos of top 

morphology may vary in their transcriptome, proteome and metabolome (Gardner et al. 2015).  

The internal physiology of the embryo cannot be observed, and alternatively must be measured 

by molecular analysis.  Biomarkers that assess the transcriptomic, proteomic and metabolomic 

profile of the embryo may indicate viability (Gardner et al. 2015).  These can be analysed non-

invasively through embryo secretions into the surrounding culture media and blastocoele fluid 

or through associated somatic cells such as cumulus cells.  There are many different candidate 

approaches to non-invasive ‘omic’ analysis, although technical challenges arise from the 

limited amount of biological material that is available for analysis (Gardner et al. 2015).   

The proteome of spent blastocyst culture media appears to show some relation to embryo 

aneuploidy.  In a study of 65 patients, there were increased levels of a cell stress protein called 

lipocalin-1 in blastocyst media from aneuploid embryos, compared to euploid embryos that 

implanted (McReynolds et al. 2011).  However, difficulties in detecting minute amounts of 

protein resulted in the analysis being performed on pooled media samples, so there may be 

variability between individual embryos.  From a metabolic perspective, glucose uptake of the 

blastocyst may provide useful information about pregnancy potential, independent of 

morphological grade (Gardner et al. 2011).  Additionally, there appears to be differences in 

amino acid utilisation for embryos of varying qualities. The turnover of three amino acids 

(aspargine, glycine and leucine) was correlated to clinical pregnancy and live birth (Brison et 

al. 2004).  However, day 2 transfer was performed so it is likely that the pattern of amino acid 

turnover changes at the later stages of pre-implantation development.  It has also been 

hypothesised that embryos exhibiting a lower turnover of amino acids or ‘quiet metabolism’ 

are more viable, however not all studies support this concept (Gardner et al. 2015).  

Recently is has been reported that microRNAs (miRNAs) are secreted into spent blastocyst 

culture media and blastocoele fluid (Capalbo et al. 2016b, Cimadomo et al. 2015).  One study 

analysed the microRNA profile of spent embryo media at the cleavage, morula, and blastocyst 

stages and found that secreted microRNAs could be detected in spent blastocyst culture media.  

It was found that the secreted microRNAs were likely of trophectoderm origin, following a 

separate analysis of the inner cell mass and trophectoderm in the associated embryo (Capalbo 
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et al. 2016b).  Two miRNAs (miR-20a and miR-30c), regulating a number of cell 

communication and growth pathways, showed increased expression in spent blastocyst media 

from euploid embryos which implanted, compared to those that did not implant  (Capalbo et 

al. 2016b).   

 

1.10.1   Transcriptomic analysis of cumulus cells  

 

While embryo secretions may be technically challenging to detect, the cumulus cells that 

nurture the oocyte may represent a biological repository of molecular information that can be 

obtained for individual embryos.  The physical and functional relationship between the oocyte 

and its surrounding cumulus cells have stimulated investigation into whether the nurturing 

cumulus cells can provide information about oocyte viability in a clinical setting.  Due to their 

close proximity and extensive communication with the oocyte, a number of studies have 

demonstrated that the cumulus cells may be able to provide information about the ovarian 

micro-environment in which the oocyte developed.  Therefore, cumulus cells may be able to 

offer clues as to the viability of the resulting embryo (Fragouli et al. 2013a, Gilchrist et al. 

2008, Uyar et al. 2013).  

Cumulus cell expression of viability genes involved in metabolism, steroidogenesis, signalling 

and expansion have been correlated to embryo quality, live birth and maternal ageing (figure 

1.18).  Genes involved in oxidative phosphorylation have shown altered expression in cumulus 

cells following ovarian ageing, showing that the transcriptomic signature of the follicle changes 

in the ageing ovary (McReynolds et al. 2012).  It has been demonstrated that hyaluronan 

synthase 2 (HAS2), a gene involved in cumulus cell expansion, shows increased expression in 

cumulus cells which surrounded oocytes that develop into high quality day 3 embryos (Cillo et 

al. 2007, McKenzie et al. 2004).  In relation to blastocyst development, it has been reported 

that steroidogenesis genes, such as steroidogenic acute regulatory protein (STAR), show 

altered expression in cumulus cells surrounding oocytes which exhibit optimal blastocyst 

development (Feuerstein et al. 2007, Wathlet et al. 2011).  For live birth prediction, one study 

showed that two additional cumulus expansion genes called versican (VCAN) and 

prostaglandin-endoperoxide synthase 2 (PTGS2) were upregulated in cumulus cells associated 

with oocytes that resulted in a live birth, compared to those which did not result in pregnancy 



48 

 

(Gebhardt et al. 2011).  Increased expression of VCAN in relation to live birth has also been 

confirmed by a separate study (Ekart et al. 2013).  

 

 

 

 

 

Figure 1-18: Cumulus cell transcriptomics and embryo viability 

Cumulus cell gene expression has been studied as a marker of oocyte developmental 

competence. Transcriptomic analysis of viability genes involved in metabolism, 

steroidogenesis, signalling and the expansion of a hyaluronic acid extracellular matrix have 

been associated with embryo viability.  

 

 

   Pre-implantation genetic screening  
 

Embryo euploidy is the most important known predictor of implantation and pregnancy 

(Munné et al. 2016).  While correlation between embryo morphology and aneuploidy do exist, 

they are only weak relationships.  Even the transfer of a top quality blastocyst does not avoid 

the transfer of an aneuploid embryo (Capalbo et al. 2014).  It is estimated that over half of pre-

implantation embryos are aneuploid (Capalbo et al. 2014, Franasiak et al. 2014).  In order to 

detect aneuploidy, and avoid the transfer of an affected embryo, pre-implantation genetic 

screening (PGS) is performed.  This procedure involves an invasive biopsy of cells in order to 
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diagnose the chromosomal complement of the embryo.  The group of patients who may benefit 

the most from PGS include those who are of advanced maternal age or have experienced 

repeated implantation failure or recurrent miscarriage.  With such high levels of aneuploidy, 

PGS may also improve embryo selection in the general IVF population, reducing the time to 

pregnancy and promoting the use of single embryo transfer.   

 

1.11.1   Genetic platforms and biopsy procedures  

 

Performing genetic tests on embryos presents challenges.  Not only is it invasive to the embryo, 

but obtaining complex genetic information from such a small biopsy of cells is technically 

challenging.  Initial attempts to screen embryos for aneuploidy used fluorescent in-situ 

hybridisation (FISH) (Mastenbroek et al. 2011).  This early method was limited by the low 

number of chromosomes assessed and the reduced accuracy of the probes.  This method failed 

to detect embryos that were aneuploid for the chromosomes that were not tested, and was 

associated with an error rate of up to 15% for the chromosomes that were tested (Mastenbroek 

et al. 2011).  FISH was most commonly associated with biopsy at the cleavage stage and there 

seemed to be a deleterious effect of this invasive procedure, especially early in development.  

Overall the use of PGS in conjunction with FISH significantly lowered the rate of live birth 

and its use in clinical practice was advised against (Mastenbroek et al. 2011).  

To overcome some of these limitations and improve the accuracy of PGS, comprehensive 

chromosome screening (CCS) was developed, which assesses all 24 chromosomes (Dahdouh 

et al. 2015b, Lee et al. 2015).  Different genetic platforms have been employed for CCS, each 

showing a high degree of accuracy. These include array comparative genomic hybridisation 

(aCGH), single nucleotide polymorphism (SNP) arrays, real-time quantitative polymerase 

chain reaction (qPCR) and most recently next-generation sequencing (NGS) (Dahdouh et al. 

2015b, Lee et al. 2015).  

Genetic material for CCS can be obtained from a biopsy of the polar bodies following 

fertilisation, one or two blastomeres during the cleavage stage or 5 to 10 trophectoderm cells 

at the blastocyst stage (figure 1.19).  The limited amount of cells obtained following these 

biopsies requires either a targeted amplification or whole genome amplification to be 

performed prior to downstream genetic analysis, in order to have enough DNA to detect.  The 
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rate of amplification failure is below 2%, and the error rate has fallen to around 1%, 

representing a significant technical improvement compared to FISH (Capalbo et al. 2016a, 

Fiorentino et al. 2014, Munné et al. 2016). 

 

 

 

 

 

Figure 1-19: Cell biopsy for genetic assessment 

DNA for comprehensive chromosome screening (CCS) can be obtained from polar body, 

blastomere or trophectoderm biopsy.  After fertilisation, both polar bodies are biopsied from 

within the zona pellucida following their extrusion from the oocyte, representing a minimally 

invasive approach (A).  At the cleavage stage, one or two blastomeres are biopsied from the 

embryo, removing a significant fraction of the cells of the early embryo (B). At the blastocyst 

stage, 5 to 10 cells are removed from the trophectoderm, leaving the inner cell mass untouched 

(C).  
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For polar body biopsy, both polar bodies are biopsied to determine whether the chromosomes 

segregated correctly during meiosis (Salvaggio et al. 2014).  Genetic analysis of the polar 

bodies is less accurate than direct embryo assessment at the cleavage stage or the blastocyst 

stage however, and is only able to predict embryo aneuploidy up to 70% of the time (Capalbo 

et al. 2013, Salvaggio et al. 2014).  For direct embryo assessment, the cleavage stage is 

associated with a high level of aneuploidy, and this can resolve by the blastocyst stage.  

Following fertilisation, a rise in the aneuploidy rate is observed at the cleavage stage of 

development because of mitotic errors occurring in the embryo.  In contrast, progression to the 

blastocyst stage of development is associated with a decrease in the aneuploidy rate, due to 

some aneuploidies not being compatible with progression to a blastocyst (Adler et al. 2014, 

Fragouli et al. 2013b).  Essentially, the selection of embryos that progress to the blastocyst 

stage self-selects for euploid embryos, eliminating those embryos that are not competent to 

progress through normal development (Adler et al. 2014).   Further, blastomere biopsy has been 

reported to reduce the developmental potential of the embryo (Capalbo et al. 2013).   One study 

demonstrated that blastomere biopsy reduces the rate of implantation by 39% compared to non-

biopsied controls, whereas trophectoderm biopsy resulted in sustained implantation rates when 

compared to blastocysts that have not been biopsied (Scott Jr. et al. 2013a).   

The analysis of cells from a trophectoderm biopsy is therefore the gold standard for 

determining the chromosomal complement of the embryo.  It does not appear to have adverse 

effects on embryo development and implantation potential (Scott Jr. et al. 2013a).  In addition, 

the biopsy of 5-10 trophectoderm cells allows for more genetic material to be assessed, 

improving the accuracy of the genetic analysis (Capalbo et al. 2013).  Genetic analysis directly 

from cells of the embryo, either at the cleavage stage or blastocyst stage, is also associated with 

a small degree of diagnostic error however, and this is mainly attributed to mosaicism.  This 

occurs when there are cells that have different chromosomal complements within the embryo.  

This arises from mitotic errors that occur post fertilisation. In some cases, an embryo may have 

a mixture of euploid and aneuploid cells, making CCS susceptible to misdiagnosis (Munné et 

al. 2016).  Mosaicism is more prevalent at the cleavage stage however, so by performing CCS 

in conjunction with trophectoderm biopsy, the risk of misdiagnosis is reduced.  
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1.11.2   Randomised control trial evidence for PGS 

 

Three randomised control trials have reported on the clinical benefit of CCS with 

trophectoderm biopsy (Forman et al. 2013, Scott Jr. et al. 2013b, Yang et al. 2012).  One 

randomised control trial evaluated the efficiency of CCS using trophectoderm biopsy and 

aCGH at day 5 of development.  Around 100 patients were randomised to either the CCS or 

the control group, and a single fresh embryo was transferred for both on day 6 of development.  

An increased ongoing pregnancy rate was demonstrated, from 42% to 70%, with the use of 

CCS (Yang et al. 2012).  The high pregnancy rate (70%) observed was reflective of the good 

prognosis cohort of patients studied.  All female patients were below the age of 35 years, 

receiving their first treatment cycle and the cause of infertility was either tubal factor or male 

factor.  

A second randomised control trial evaluated trophectoderm biopsy in conjunction with qPCR 

based screening at day 5 of development, followed by the fresh transfer of two euploid embryos 

on day 6 of development for 72 patients.  For this study, a control group of 83 patients that had 

a morphology evaluation performed and the selection of two embryos for transfer on day 5 of 

development was used as a comparison (Scott Jr. et al. 2013b). The use of CCS in this study 

improved ongoing implantation rates from 48 % to 66%, giving evidence that it can improve 

clinical outcomes (Scott Jr. et al. 2013b).  In this study, females were aged between 21 and 42 

years and were on their first or second treatment cycle, representing a more heterogeneous 

cohort of patients.  

The third randomised control trial assessed the transfer of a single embryo following 

trophectoderm biopsy and qPCR based screening in conjunction with transfer in either fresh or 

frozen cycles.  This was compared to the transfer of two embryos that were assessed by 

morphology alone (Forman et al. 2013).  Females were aged below 42 years, and were on their 

first or second treatment cycle.  The delivery rates for the two groups were similar following 

fresh transfer and up to one frozen transfer, but the single euploid group resulted in reduced 

rates of multiple births, pre-term delivery and low birthweight (Forman et al. 2013).  This study 

confirms that single embryo transfer can be effective in conjunction with CCS at the blastocyst 

stage, maintaining equivalent success rates compared to the transfer of multiple embryos, but 

lowering multiple birth rates.  
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Although the use of CCS at the blastocyst stage can improve embryo selection, the diagnosis 

of euploidy does not always confer full developmental competence. A large multicentre 

longitudinal study, which included around 500 transferred euploid blastocysts from women of 

advanced maternal age (mean age 39 years), demonstrated that the ongoing pregnancy rate was 

only around 45%, indicating that other aspects aside from chromosomal complement determine 

the developmental potential of the embryo (Capalbo et al. 2016).  Further, no aspect of 

blastocyst grade is thought to predict the implantation potential of euploid embryos (Capalbo 

et al. 2014).  It is likely that other aspects of physiology may contribute to the developmental 

competence of euploid embryos. 

 

1.11.3   Mitochondrial abundance and embryo viability  

 

Recently, it has been suggested that the mitochondrial genome may be another genetic 

determinant of embryo viability.  Increased levels of mtDNA have been observed in 

trophectoderm cells from aneuploid blastocysts, compared to those that are euploid (Fragouli 

et al. 2015, Tan et al. 2014).  It has been hypothesised that these increased levels of mtDNA 

may be representative of cellular dysfunction occurring within chromosomally abnormal 

blastocysts.  Further, lower levels of mtDNA were found in euploid blastocysts which 

implanted, compared to those that did not result in an ongoing pregnancy (Fragouli et al. 2015).  

This finding was used to develop a mtDNA threshold, which was tested in a prospective study.  

It was found that abnormally high levels of mtDNA were present in around 30% of the euploid 

blastocysts which failed to implant, and this appeared to be independent of morphological 

grade (Fragouli et al. 2015).  A different study corroborated these results, finding that higher 

levels of mtDNA were detected in trophectoderm cells from euploid blastocysts that exhibited 

a low implantation potential (Diez-Juan et al. 2015).  However, this study also found that the 

same relationship could be observed in blastomeres from cleavage stage embryos. This group 

reported that their measure of mtDNA, termed ‘Mitoscore’, could be used to classify the 

euploid embryos according to their rate of implantation.  For day 3 and day 5 embryos receiving 

the best Mitoscores, implantation rates of 59% and 81% were demonstrated, respectively 

(Diez-Juan et al. 2015).  
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1.11.4  Time-lapse parameters and aneuploidy  

 

Investigation into the relationship between time-lapse parameters and aneuploidy have been 

undertaken, in order to assess whether time-lapse parameters could represent a non-invasive 

strategy for the selection of euploid embryos (Basile et al. 2014, Campbell et al. 2013, Chavez 

et al. 2012, Rienzi et al. 2015, Yang et al. 2014).  Although the relationship between time-lapse 

parameters and aneuploidy has been investigated in a number of studies, it remains unclear.  

One small study of 75 embryos demonstrated that euploid embryos at the day 2 stage exhibit 

narrow developmental timings compared to those that are aneuploid (Chavez et al. 2012).  In a 

larger study of around 500 embryos, a hierarchical prediction model of time-lapse parameters 

related to euploid status was developed.  In this study, chromosomal content was assessed by 

blastomere biopsy on day 3.  Following classification, the hierarchical model had a prediction 

rate of 35% euploidy in their top group compared to a rate of 10% euploidy in their bottom 

group (Basile et al. 2014).  However, the high level of mosaicism at the cleavage stage may 

bias the results of these studies.  

The relationship between time-lapse parameters and aneuploidy at the blastocyst stage is also 

unclear.  It has been suggested that an earlier timing of the initiation of blastulation and full 

blastulation is associated with euploid embryos, rather than earlier time-lapse parameters at the 

cleavage stage of development (Campbell et al. 2013).  Two other studies however reported 

that there was no strong relationship between time-lapse parameters at any stage of 

development and aneuploidy (Rienzi et al. 2015, Yang et al. 2014).  Combined, these results 

suggest that there is not enough evidence to enable the development of a universal aneuploidy 

prediction model based on time-lapse parameters, and the relationship between time-lapse and 

aneuploidy needs to be further determined in a large prospective trial.   

 

   Pre-implantation genetic diagnosis 

 

Pre-implantation genetic diagnosis (PGD) is applied to prevent the transmission of an inherited 

disorder.  A form of embryo selection based on mutation status, PGD aims to exclude the 

transfer of an affected embryo (Wells and Fragouli 2013).  Being performed at the pre-

implantation stage of development, PGD serves as an alternative to pre-natal diagnosis.  In 
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contrast to prenatal diagnosis, PGD avoids an affected pregnancy and subsequent termination.  

Like PGS, cell biopsy is required to determine the genetics of the embryo in order to identify 

an inherited disorder (Wells and Fragouli 2013).  

PGD can be used to detect a mutation in a single gene, or for the identification of unbalanced 

chromosomal rearrangements resulting from translocations or inversions (Wells and Fragouli 

2013).  PGD has been applied mainly to disorders that are caused by complete or very high 

penetrance mutations (Gutierrez-Mateo et al. 2009).  Both autosomal recessive and autosomal 

dominant disorders can be prevented, where 25% and 50% of the embryos will be affected 

respectively.  Two of the most common autosomal recessive disorders that are tested for in 

PGD are β-thalassemia and cystic fibrosis (Gutierrez-Mateo et al. 2009).  Huntington’s disease 

is an autosomal dominant disorder that is frequently tested in PGD.   

PGD can also be used for recessive and dominant X-linked disorders, such as Duchenne 

muscular dystrophy, which are caused by mutations in genes that are present on the X-

chromosome (Gutierrez-Mateo et al. 2009, Wells and Fragouli 2013).  For some X-linked 

disorders, the specific mutations are unknown and the mutation cannot be tested directly.  

Instead, sex selection can be performed to avoid the transfer of a male embryo (Mackie Ogilvie 

and Scriven 2009).  Conversely, PGD for sex selection based on nonmedical reasons such as 

family balancing is controversial (Ethics Committee of the American Society for Reproductive 

Medicine 2015).  A number of mtDNA mutations can also be tested with PGD, however the 

clinical decisions related to the interpretation of the results are complicated by the need to 

define thresholds of heteroplasmy (Hellebrekers et al. 2012).  A threshold of around 20% is 

associated with a high chance of the embryo being unaffected (Hellebrekers et al. 2012). 
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   Nuclear and mitochondrial DNA in blastocoele fluid and embryo 

culture medium: evidence and potential clinical use 

 

1.13.1   Foreword  

 

During in vitro culture, a biopsy of cells is the most invasive procedure that the fragile pre-

implantation embryo will experience.  While trophectoderm biopsy does not appear to reduce 

the developmental potential of the embryo, an ideal method for genetic analysis would be 

completely non-invasive.  Further, the biopsy procedure exposes the embryo to additional 

manipulations and is technical to perform, requiring specialised laboratory training and 

equipment. 

Recent studies have reported that both blastocoele fluid and spent embryo culture media 

contain DNA which can be isolated and subjected to downstream genetic analysis. This may 

represent an advancement in our ability to screen embryos for aneuploidy or inherited disorders 

in a minimally invasive manner.  However, further research aimed at assessing the 

methodologies used for isolating and analysing this DNA, as well as tracing its origin, are 

needed in order to evaluate its potential for clinical use. This forms the basis of a review that 

has been accepted for publication.   

The summary of the research presented in this review: 

 The results from recent studies that have detected DNA in blastocoele fluid and spent 

embryo culture media.  

 This review identifies the limitations of the current literature and outlines the critical 

studies that need to be performed in order to advance our understanding of this genetic 

material, and its potential application in a clinical setting.   

 Studies are currently conflicting regarding the aneuploidy concordance level between 

the blastocoele fluid and trophectoderm cells.  For embryo culture media, the origin of 

the genetic material needs to be fully evaluated and there are several potential sources 

of contamination that may contribute to the genetic material detected. 

 There is a lot of preliminary evidence suggesting that blastocoele fluid and embryo 

culture media assessment may have the potential to be utilised as a method of genetic 
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analysis, for either direct genetic assessment of the embryo or as a biomarker of 

viability.   

The following manuscript was published in 2016 in the journal Human Reproduction.  Human 

Reproduction features Mini-reviews within the ‘Developments in Reproductive Biology and 

Medicine’ series.  In 2016 Human Reproduction had an impact factor of 4.569, with a 5-year 

impact factor of 4.729.  The manuscript is included in its entirety. 

Contribution of the candidate: 

Elizabeth R. Hammond researched and wrote the first draft of the manuscript, and produced 

the figures.  

Publishers’ approval for the inclusion of the manuscript: 

This article was originally published by Oxford University Press, Human Reproduction; 

Hammond ER, Shelling AN and Cree LM.  Nuclear and mitochondrial DNA in blastocoele 

fluid and embryo culture medium: evidence and potential clinical use. 2016, 

10.1093/humrep/dew132. 

http://humrep.oxfordjournals.org/content/early/2016/06/06/humrep.dew132.full.pdf+html 

This manuscript has a standard copy write licence. Oxford University press has given 

permission for the version of record to be included in this thesis with publication.  

http://humrep.oxfordjournals.org/content/early/2016/06/06/humrep.dew132.full.pdf+html
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1.13.2   Abstract  

 

The ability to screen embryos for aneuploidy or inherited disorders in a minimally invasive 

manner may represent a major advancement for the future of embryo viability assessment.  

Recent studies have demonstrated that both blastocoele fluid and embryo culture medium 

contain genetic material which can be isolated and subjected to downstream genetic analysis.  

The blastocoele fluid may represent an alternative source of nuclear DNA for aneuploidy 

testing, although the degree to which the isolated genetic material is solely representative of 

the developing embryo is currently unclear.  In addition to nuclear DNA, mitochondrial DNA 

(mtDNA) can be detected in the embryo culture medium.  Currently, the origin of this nuclear 

and mtDNA has not been fully evaluated and there are several potential sources of 

contamination that may contribute to the genetic material detected in the culture medium. There 

is however evidence that the mtDNA content of the culture medium is related to embryo 

fragmentation levels and its presence is predictive of blastulation, indicating that embryo 

development may influence the levels of genetic material detected.  If the levels of genetic 

material are strongly related to aspects of embryo quality, then this may be a novel biomarker 

of embryo viability.  If the genetic material does have an embryo origin, the mechanisms by 

which DNA may be released into the blastocoele fluid and embryo culture medium are 

unknown, although apoptosis may play a role.  While the presence of this genetic material is 

an exciting discovery, the DNA in the blastocoele fluid and embryo culture medium appears to 

be of low yield and integrity, which makes it challenging to study.  Further research aimed at 

assessing the methodologies used for both isolating and analysing this genetic material, as well 

as tracing its origin, are needed in order to evaluate its potential for clinical use. Should such 

methodologies prove to be routinely successful and the DNA recovered demonstrated to be 

embryonic in origin,  then they may be a minimally invasive and less technical methodology 

for genetic analysis and embryo viability assessment than those currently available. 
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1.13.3   Introduction 

 

Improving the ability to select the embryo that is most likely to result in a healthy live birth is 

an important goal of reproductive medicine.  Morphology assessment at the blastocyst stage of 

development offers improved embryo selection, however even an embryo of the highest 

blastocyst grade may still fail to implant or result in a miscarriage (Capalbo et al. 2014).  This 

discrepancy is largely due to blastocyst grade being unable to identify aneuploidy, which 

significantly increases with female age, and is the main cause of implantation failure and 

miscarriage (Farfalli et al. 2007, Fragouli et al. 2013, Capalbo et al. 2014).  It has been reported 

that even top quality blastocysts have only a 56% euploidy rate, demonstrating the large 

discrepancy between morphology and the chromosomal complement of the developing embryo 

(Capalbo et al. 2014).  Recently it has been suggested that elevated levels of mitochondrial 

DNA (mtDNA) at the blastocyst stage are associated with aneuploidy and decreased 

implantation potential for euploid human embryos, and therefore the levels of this genome may 

reflect embryo viability (Diez-Juan et al. 2015, Fragouli et al. 2015).  Direct genetic assessment 

of embryos by removing a single or multiple cells of the pre-implantation embryo is a valuable 

tool for embryo selection. Pre-implantation genetic screening (PGS) can avoid the transfer of 

an aneuploid embryo, and although it is an invasive procedure, it has the potential to improve 

IVF success (Yang et al. 2012, Forman et al. 2013, Scott Jr. et al. 2013b, Chen et al. 2015, 

Dahdouh et al. 2015). Following single embryo transfer, it has been reported that ongoing 

pregnancy rates may improve by almost 30% with the transfer of a known euploid blastocyst 

(Yang et al. 2012).  In addition to aneuploidy screening, pre-implantation genetic diagnosis 

(PGD) can be applied to prevent the transmission of single gene disorders such as cystic fibrosis 

and β-thalassemia (Gutierrez-Mateo et al. 2009).  

Genetic assessment can be performed by the analysis of genetic material from a biopsy of polar 

bodies following their extrusion from the oocyte (Montag et al. 2013), blastomeres during the 

cleavage stage of development (Handyside et al. 1989) or trophectoderm during the blastocyst 

stage (Schoolcraft et al. 2010).  Although polar body biopsy represents a minimally invasive 

approach for genetic analysis because these are naturally extruded from the oocyte, it is limited 

because it does not allow the genetics of the embryo to be directly assessed (Salvaggio et al. 

2014).  For this reason, polar body assessment may only able to predict embryo aneuploidy up 

to 70% of the time due to mitotic errors occurring in the embryo post-fertilisation (Capalbo et 
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al. 2013, Salvaggio et al. 2014).  In contrast, blastomere biopsy does directly assess embryo 

genetics, however the biopsy procedure is known to reduce the developmental potential of the 

embryo (Scott Jr. et al. 2013a).   Of the three sampling stages, trophectoderm biopsy at day 5 

or 6 of development produces the most reliable PGS results because it is more representative 

of the complete chromosomal complement of the pre-implantation embryo (Fragouli et al. 

2011, Scott et al. 2013).  While trophectoderm biopsy does not appear to be detrimental to the 

embryo, it still involves the invasive removal of cells from the embryo and is a technical 

procedure.  Therefore, novel methodologies for the genetic assessment of embryos in a 

minimally invasive manner may represent a significant advancement in our ability to screen 

embryos for aneuploidy and inherited disorders.   

Very recently, accessing genetic material from blastocoele fluid has attracted interest following 

reports that it contains nuclear DNA (Gianaroli et al. 2014, Palini et al. 2013, Magli et al. 2015, 

Tobler et al. 2015).    Preliminary results suggest that the blastocoele fluid can be successfully 

isolated from the embryo using a minimally invasive approach, and the genetic material can be 

purified, amplified and undergo genetic analysis.  Further evidence is needed however of the 

efficiency, accuracy and optimal methodologies of this approach.  In addition, there have been 

recent reports that spent embryo culture medium contains both nuclear DNA and mtDNA, 

which can be obtained in a way that is completely non-invasive to the embryo (Stigliani et al. 

2013, Assou et al. 2014, Stigliani et al. 2014, Wu et al. 2015).  The origin of the DNA in the 

culture medium has not been established, but it has been suggested that if it is possible to extract 

embryonic genetic material in this way, that it could be analysed and may provide useful 

information about embryo quality (Stigliani et al. 2013, Stigliani et al. 2014).  Further, some 

studies have suggested that the genetic material present in the culture medium has the potential 

to be used for PGD, but this remains controversial (Assou et al. 2014, Wu et al. 2015).  In order 

to investigate this as a possibility, a full characterisation of the genetic material, including an 

assessment of its origin, needs to be undertaken.  While the genetic material may be an 

independent biomarker of embryo viability, the possibility that it may contain contaminating 

cells from either a maternal or paternal source could compromise its use for genetic analysis in 

PGS and PGD. 

The development of the pre-implantation embryo is a complex and dynamic process that is not 

completely understood, and the mechanisms behind the release of the genetic material from the 

developing embryo, or the identification of potential sources of contamination, needs to be 

addressed for both the blastocoele fluid and embryo culture medium.  There is currently 
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concern over the origin of the genetic material and the degree to which it reflects the genetics 

of the developing embryo, as well as possible contamination.  This makes it difficult to interpret 

the genetic analysis reported by studies to date and assess the potential use of this genetic 

material in a clinical setting.  Thus, more studies are needed to address this issue and provide 

definitive data to determine its utility for genetic analysis of the embryo, and for viability 

assessment. The aim of this review is to outline the current evidence that suggests the presence 

of genetic material in the blastocoele fluid and embryo culture medium.  Further, this review 

will describe potential mechanisms of DNA release from the embryo, discuss potential sources 

of contaminating DNA and address the technical considerations that currently limit the analysis 

and source of this low template DNA.  Ultimately, given the current evidence, the potential for 

this genetic material to be used for genetic analysis and embryo quality assessment in a clinical 

setting will be assessed.    

 

1.13.4   Blastocoele fluid 

 

Cavitation takes place at day 4 of development. At this time, the cells of the embryo begin to 

differentiate into the inner cell mass and trophectoderm lineages.  Ion pumps actively transport 

sodium ions to the blasolateral side of the trophectoderm epithelium leading to the 

accumulation of blastocoele fluid. This fluid coalesces and expands to occupy most of the 

volume of the blastocyst.  The degree of blastocyst expansion, along with the number of cells 

and cohesion of the inner cell mass and trophectoderm, is an important parameter for the 

morphology assessment of the blastocyst on day 5 or 6 of development (Gardner et al. 2000). 

The blastocoele cavity is dynamic however, often showing repeated shrinkage and expansion 

prior to hatching (Mio et al. 2011).   

Artificial blastocoele collapse is routinely performed during vitrification, which is a commonly 

used method of cryopreservation to store surplus embryos for future use.  The blastocoele 

cavity is collapsed prior to vitrification to prevent ice crystal formation and improve embryo 

survival following cryopreservation (Mukaida et al. 2006).  Artificial blastocoele collapse can 

be performed by microsuction, microneedle puncture, laser pulse or repeated pipetting of the 

embryo, and has produced good success rates in conjunction with vitrification (Li et al. 2014, 

Wong et al. 2014).   Following this artificial collapse, the blastocoele fluid disperses into the 
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surrounding culture medium. The blastocoele fluid can be isolated from the embryo using a 

procedure termed blastocentesis, and can then undergo downstream analysis.  Blastocentesis is 

a method where an ICSI injection pipette is used to firstly create a micropuncture though the 

mural trophectoderm opposite the inner cell mass, and is then used to aspirate the fluid until 

the blastocyst is fully collapsed around the pipette (D'Alessandro et al. 2012) (figure 1.20).  

Around 0.01 µl of blastocoel fluid is typically isolated, highlighting the very small amount of 

fluid available for analysis (Magli et al. 2015). 

 

 

 

Figure 1-20: Blastocentesis 

Blastocoele fluid is isolated by blastocentesis.  An ICSI injection pipette (A) is used to puncture 

though the mural trophectoderm (B), opposite the inner cell mass. The blastocoele fluid is 

aspirated until the blastocyst collapses around the pipette (C). 
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There have been recent reports that the blastocoele fluid contains nuclear DNA. Following the 

isolation of blastocoele fluid by blastocentesis, DNA within the fluid can be successfully 

purified, amplified and undergo downstream genetic analysis for some embryos (Palini et al. 

2013, Gianaroli et al. 2014, Magli et al. 2015, Tobler et al. 2015).  In a preliminary study of 29 

embryos, multi-copy genes were targeted to improve the chances of successful amplification 

from this limited amount of genetic material.  This study showed successful amplification of 

TBC1D3, a multi-copy gene on chromosome 17, by quantitative PCR in 90% of blastocoele 

fluid samples tested (Palini et al. 2013).  For the samples that successfully amplified TBC1D3, 

another gene called TSPY1, which is a multi-copy gene on the Y chromosome, was targeted 

for amplification.  Initial results suggested that 65% of the blastocoele fluid samples were from 

male embryos, demonstrating that the genetic material may have the potential to be used for 

sex determination.  Based on these promising early results, and with further validation and 

confirmation, the blastocoele fluid therefore has the potential to provide an alternative strategy 

for embryo sex determination for preventing the inheritance of X-linked disorders. However, 

the current requirement to target multi-copy genes due to reduced sensitivity limits this type of 

approach for use with most other inherited disorders that are caused by mutations in single 

copy genes (Gutierrez-Mateo et al. 2009).   

For increased sensitivity, the nuclear DNA isolated from blastocoele fluid can undergo a 

targeted amplification or whole genome amplification before downstream genetic analysis is 

performed.  The proportion of blastocoele fluid samples that successfully undergo whole 

genome amplification and produce detectable levels of DNA ranges between 40% and 98% 

(Palini et al. 2013, Gianaroli et al. 2014, Magli et al. 2015, Tobler et al. 2015).  For 

trophectoderm biopsy, there is a generally accepted low failure rate of whole genome 

amplification, where this may occur due to the presence of lysed cells, absence of cells, or 

sample processing errors (Tobler et al. 2015).  Therefore, this procedure may need further 

optimisation when applied to the DNA in blastocoele fluid.  The lower levels of positive 

amplification compared to trophectoderm cells suggest that there may be an absence of DNA 

within some blastocoele fluid samples.  For those samples that do contain DNA, it may be of 

lower quantity and quality which may result from DNA fragmentation occurring within the 

blastocoele cavity (Gianaroli et al. 2014, Magli et al. 2015, Tobler et al. 2015). It should be 

noted however that the use of whole genome amplification for the very low level of DNA 

within the blastocoele fluid may be particularly susceptible to false positive results.  Like single 
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cells this low level of DNA may be prone to uneven amplification and allele dropout (Huang 

et al. 2015).   

If DNA amplification methodologies can be optimised to overcome the limitations posed by 

the low quantity and quality of the genetic material in the blastocoele fluid, the important 

question regarding the origin of the DNA remains. Does the genetic material found to be 

present in the blastocoele fluid reflect the genome of the embryo?  As an alternative strategy 

for PGS, studies have aimed to test whether the amplifiable DNA present in the blastocoele 

fluid produces array comparative genomic hybridisation (aCGH) results concordant with DNA 

extracted from polar body, blastomere or trophectoderm biopsy.  The earliest attempts proved 

to be largely unsuccessful, with only 25% to 33% of the blastocoele fluid DNA producing 

concordant results with trophectoderm biopsy or the remaining embryo if it was available for 

analysis, although fewer than 10 embryos were analysed in each study (Perloe et al. 2013, Poli 

et al. 2013).   A more recent study compared the blastocoele fluid DNA with previous results 

obtained from either polar body or blastomere biopsy, in addition to a separate chromosomal 

analysis from trophectoderm biopsy for 51 embryos.  Of those blastocoele fluid samples that 

underwent successful whole genome amplification (77%), the ploidy condition was concordant 

with either the polar body or blastomere biopsy in 95% of samples.  Compared to 

trophectoderm biopsy, the blastocoele fluid DNA showed 97% concordance (Gianaroli et al. 

2014).  It should be noted however that such a high concordance, especially with respect to 

polar body biopsy, would not be expected due to the presence of mitotic errors, paternal 

aneuploidy, resolution of aneuploidy or confined mosaicism to either the trophectoderm or 

inner cell mass by the blastocyst stage of development (Taylor et al. 2014).  In a later study by 

the same group, a larger cohort of 116 blastocysts underwent both blastocentesis and 

trophectoderm biopsy, having also had a previous analysis from either polar body or blastomere 

biopsy (Magli et al. 2015).  The rate of DNA detection and whole genome amplification was 

improved (82%) and the concordance with trophectoderm biopsy remained constant at 97% 

(Magli et al. 2015).  Given the high level of concordance, the results from these later studies 

are promising and support the potential use of the blastocoele fluid DNA for PGS. 

A recent study from a different research group however reported a much lower level of 

concordance (Tobler et al. 2015).  This study consisted of 96 embryos and compared the 

blastocoele fluid DNA to the inner cell mass and trophectoderm of the remaining embryo, 

where some embryos also had a separate analysis for blastomere biopsy (Tobler et al. 2015).  

Successful amplification occurred in 63% of the blastocoele fluid samples, and of those that 
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amplified, 62% were concordant for ploidy condition when compared to the embryo.  

Interestingly, the study found that 70% of the cleavage-stage embryos that had an aneuploid 

blastomere eventually normalised to a euploid blastocyst, and that 86% of these had an 

aneuploid karyotype for their blastocoele fluid DNA (Tobler et al. 2015).  These results suggest 

that the aneuploid cells may become excluded from embryo and end up in the blastocoele fluid 

during blastocyst formation, a phenomenon which may be involved in resolving aneuploidy 

during differentiation.   Due to the high level of discordance, the findings of this study do not 

support the use of blastocoele fluid DNA for PGS at this time.  

The conflicting results of these aforementioned studies occurred despite both laboratories using 

similar methodologies, including the same method for performing blastocentesis,  whole 

genome amplification (SurePlex, Illumina) and aCGH (24-sure, Illumina) (Gianaroli et al. 

2014, Magli et al. 2015, Tobler et al. 2015).  Inconsistent concordance levels could suggest that 

there are other differences in the two laboratories, such as subtle variations in the way that the 

methodologies were implemented, modifications in data analysis and interpretation, or simply 

dissimilarities in the cohorts of embryos used.  Ultimately, due to the lower levels of whole 

genome amplification success (63-82%) compared to trophectoderm biopsy, and difficulties 

isolating the blastocoele fluid, these studies had a limited sample size which reduces the power 

of the analysis.  Therefore, additional studies, with larger sample sizes, are needed to assess 

the potential clinical use of blastocoele fluid DNA for PGS and PGD.  Another important 

consideration is whether any contaminating genetic material arises during blastocoele isolation 

and analysis.  Ultimately DNA fingerprinting technology with the ability to detect low levels 

of complex mixtures can be utilised to address this issue. A summary of the potential 

mechanisms by which genetic material may be released into the blastocoele fluid, and the 

potential sources of contamination are outlined in figure 1.21 and 1.22. 

While the presence of nuclear DNA has been investigated, to date no study has assessed the 

mtDNA in the blastocoele fluid.  The mtDNA is a double stranded 16.6kb genome which 

encodes for several subunits of the electron transport chain, making it directly involved in 

cellular oxidative phosphorylation.  The mtDNA of the embryo is maternally inherited, with 

the oocyte harbouring around 500,000 copies (Barritt et al. 2002, Van Blerkom. 2011). The 

amount of mtDNA remains stable throughout the cleavage stages with mtDNA replication 

beginning at the blastocyst stage or post-implantation (St. John et al. 2010, Cree et al. 2008).  

Recently, it has been reported that elevated levels of mtDNA, measured in trophectoderm 

biopsies, is associated with aneuploidy and decreased implantation potential for euploid 
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embryos (Diez-Juan et al. 2015, Fragouli et al. 2015).  From a biological standpoint, the 

distribution of the mtDNA between different cells of the trophectoderm and inner cell mass 

during progression to the blastocyst stage is unknown.  An investigation into the levels of 

mtDNA in the blastocoele fluid in relation to aneuploidy and implantation potential may be 

warranted to assess whether a similar relationship exists for blastocoele fluid compared to 

trophectoderm cells.  Due to the high number of copies in the pre-implantation embryo, 

mtDNA analysis from the blastocoele fluid may prove less challenging compared with that of 

nuclear DNA.  It is possible that quality control mechanisms exist whereby the blastocyst may 

eliminate mutated mtDNA into the blastocoele fluid, or alternatively levels of both wild-type 

or mutated mtDNA in the blastocoele fluid may be altered when the embryo is aneuploid.  

These aspects of mitochondrial segregation should be studied to further understand the biology 

of the pre-implantation embryo. 

 

1.13.5   Embryo culture medium 

 

Recent evidence suggests that DNA can be detected in spent embryo culture medium (Stigliani 

et al. 2013, Assou et al. 2014, Stigliani et al. 2014, Wu et al. 2015).  In addition,   miRNAs 

have been detected in spent blastocyst medium.  Two miRNAs, thought to be of trophectoderm 

origin, have been identified as potential candidate biomarkers of implantation in euploid 

embryos (Capalbo et al. 2016).  The origin of the DNA within spent embryo culture medium 

however has not been fully characterised, and it is unclear whether the DNA originates from 

the embryo.  It is possible that the embryo may release DNA into the surrounding culture 

medium, under a similar mechanism that occurs for blastocoele fluid, as outlined in figure 1.21 

and 1.22.  However, compared to blastocoele fluid, there is a higher risk that contaminating 

DNA may be present within the spent culture medium. This could occur for a number of 

reasons, namely nucleic acid contamination from the human serum albumin component of the 

culture medium, maternal or paternal contamination from cumulus cells, polar bodies or sperm, 

or contaminating DNA arising from the surrounding environment during the culture period.    

Both nuclear DNA and mtDNA have been detected in the spent culture medium for embryos 

during pre-implantation development (Stigliani et al. 2013, Assou et al. 2014, Stigliani et al. 

2014, Wu et al. 2015).  In a preliminary analysis, spent culture medium was analysed for the 
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presence of DNA in a cohort of day 2 (166 embryos) and day 3 (634 embryos) cleavage stage 

embryos.  It was found that DNA could be detected in 99% of the spent embryo culture 

medium, indicating that DNA within the culture medium was a common phenomenon 

(Stigliani et al. 2013).  In a subset of 326 samples, it was determined that nuclear DNA and 

mtDNA was present in 63% and 99% of the samples respectively.  These results show that 

there is higher mtDNA content compared to the nuclear DNA, which may reflect the high 

mtDNA copy number in the pre-implantation embryo. This could also be the case for 

contaminating tissue such as cumulus cells, although it should be noted that the mtDNA copy 

number of cumulus cells is significantly lower (10 copies) compared to cells of the pre-

implantation embryo (Cree et al. 2015).  The study also found that a higher mtDNA copy 

number was associated with increased levels of embryo fragmentation, which may reflect a 

loss of cytoplasm from the embryo following fragmentation.  Additionally, this relationship 

was particularly apparent for patients aged 35 years and older, showing that female age 

appeared to affect the level of mtDNA detected (Stigliani et al. 2013).   

A later study by the same group analysed the mtDNA/ nuclear DNA ratio in 605 spent day 3 

culture medium samples in relation to blastocyst quality.  Converse to the first study, a higher 

mtDNA/nuclear DNA ratio was predictive of blastulation for good quality cleavage stage 

embryos with mild levels of fragmentation, showing that the relationship between embryo 

quality and the level of mtDNA detected in spent culture medium remains unclear (Stigliani et 

al. 2014).  Additionally, it was found that a higher mtDNA/ nuclear DNA ratio was associated 

with implantation following day 3 transfer in a cohort of 94 embryos (Stigliani et al. 2014).  

While the relationship to embryo quality does indicate that the embryo itself has a role to play 

in the quantity of DNA present in the culture medium, it does not definitively prove that the 

genetic material observed is in part, or exclusively, released from the embryo.  Taken together, 

the results of these two studies suggest that the presence of nuclear DNA and mtDNA in the 

embryo culture medium is a common phenomenon occurring for cleavage stage embryos, and 

that the mtDNA content may be related to fragmentation levels, blastulation and implantation.  

However, it is necessary for this to be analysed in relation to control droplets of medium that 

have not been exposed to embryos, to assess the presence of background nucleic acid 

contamination in the culture medium system.  Further, no study has assessed the levels of 

nuclear DNA and mtDNA in day 5 or 6 culture medium and compared this to day 3 culture 

medium in a sequential medium system.  An experiment like this should be performed in order 

to characterise the DNA profile occurring throughout pre-implantation development.  A critical 
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study should also investigate the effect of different commercial culture systems, as continuous 

culture to the blastocyst stage may prove to be more applicable for the assessment of nucleic 

acids in spent embryo culture medium, due to DNA accumulation throughout pre-implantation 

development.  

One study proposed that the genetic material present in the embryo culture medium could be 

used to discriminate between male and female embryos for preventing the transmission of X-

linked disorders (Assou et al. 2014). The study confirmed that DNA could be detected in the 

spent culture medium of both day 3 and day 5/6 embryos by quantitative PCR, although the 

levels of DNA at the different stages of development were not reported.  A multi-copy gene 

for the Y chromosome (TSPY1), along with the ALU repeat sequence as a positive control, 

was targeted for improved sensitivity.  It was reported that the TSPY1 gene amplified in some 

samples, but not others, and the authors concluded that the difference was due to embryo sex 

(Assou et al. 2014).  However, it is only possible to test this directly if the corresponding 

embryo underwent PGS, or the sex was known following a successful pregnancy and live birth.  

A further limitation of this study was the lack of proper controls assessing potential 

contamination in the embryo medium.   It was not stated whether the assessment was performed 

in IVF or ICSI inseminated embryos, where sperm surrounding IVF embryos may introduce 

paternal contamination, with the possibility of the Y chromosome being detected.  Further, the 

background level of DNA contamination in the embryo culture medium was not stated, 

introducing the possibility of contamination arising from the embryo culture medium or 

maternal cumulus cells (Assou et al. 2014).  A different study confirmed the presence of the Y 

chromosome in spent embryo culture medium using aCGH, however this was only confirmed 

for two samples and the overall number of samples assessed was not stated (Stigliani et al. 

2013).  A critical study will need to assess the presence of the Y chromosome across a large 

cohort of spent culture medium from ICSI inseminated embryos, along with the proper medium 

control for each patient, in order to determine the origin of the genetic material detected and its 

potential clinical use for X-linked disorders.  

For the detection of single gene disorders, a recent study has proposed that the nuclear DNA 

present in embryo culture medium could be used to test for α-thalassemia-SEA (Wu et al. 

2015).  Thalassemia is an autosomal recessive blood disorder, caused by deficit synthesis of 

the haemoglobin protein. The study performed a routine fluorescent gap PCR analysis of α-

thalassemia-SEA from blastomere biopsies of 413 embryos, reporting a diagnosis efficiency of 

82.1%.  The affected and undetected embryos were then cultured to day 6, the spent embryo 
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culture medium collected, and the inner cell mass and trophectoderm of the resulting 

blastocysts obtained.  A more sensitive qPCR methodology was optimised for the embryo 

culture medium based detection of α-thalassemia-SEA, and when used for spent day 6 culture 

medium, resulted in a diagnostic efficiency of 88% for the 128 affected embryos and 91% for 

the 74 previously undetected embryos.  Diagnostic efficiency from the inner cell mass and 

trophectoderm of the blastocyst was 100%, and the overall efficiency (89%) of the medium 

based detection was significantly increased compared to that of the fluorescent gap PCR.  To 

confirm the new method, 61 blastocysts that had not undergone blastomere biopsy, were 

subject to day 4, 5 and 6 culture medium assessment, and it was found that day 5 medium has 

the highest diagnostic efficiency, compared to the other stages (Wu et al. 2015).  

In this study, medium that had not been used to culture embryos was used as a negative control 

and showed no evidence of DNA amplification, however the authors did not state whether this 

medium had been cultured alongside the embryos to control for contamination that could arise 

during the culture period (Wu et al. 2015). The authors also concluded that they could not 

confirm that the genetic material was exclusively of embryo origin, although extra care was 

taken to remove cumulus cells at day 3 of culture prior to the medium being sampled.  While 

the results from this study suggest that embryo culture medium has the potential to be used for 

PGD, further studies are needed to assess and confirm that the DNA is solely of embryonic 

origin before the use of this genetic material could ever be applied to PGD clinically.  

Given that both the blastocoele fluid and the embryo culture medium contains genetic material, 

critical studies are required to fully characterise the DNA and assess its origin. Most 

importantly, potential sources of contamination need to be addressed by future studies, 

including the presence of background genetic material in the culture medium, contamination 

arising during the culture period, and the presence of maternal and paternal contamination 

arising from cumulus cells and sperm. Secondly, if the genetic material does have an embryo 

origin, then research is needed to establish whether the DNA observed is representative of the 

embryo, or whether the DNA found in the blastocoele fluid and culture medium has been 

excluded from the developing embryo as a mechanism of quality control.  To answer this 

question, the mechanisms of DNA release will need to be investigated.   Additionally, it may 

be useful to characterise the embryo culture medium along with the blastocoele fluid for the 

same cohort of embryos, as correlations may exist between them and they may be operating 

under similar mechanisms of release. 
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1.13.6   Possible mechanisms of DNA release and potential sources of 

contamination  

 

Determining the origin of the DNA within blastocoele fluid and spent embryo culture medium 

is of primary importance.  This is necessary to assess its potential for use in a clinical setting 

and because the extremely low levels of DNA present are prone to false positive amplification. 

Future studies should employ rigorous controls to further validate these methods of assessment. 

This should include culture media controls that are cultured alongside embryos in an identical 

manner, but do not come into contact with embryos, and no template negative controls 

following all amplification procedures.  If the genetic material present within the blastocoele 

fluid does originate from cells of the blastocyst, then the mechanisms of release need to be 

determined.  The observation that full karyotypes can be obtained from the blastocoele fluid 

DNA may indicate that whole cell nuclei may be present in the cavity.  It is thought however 

that whole cells are not the source of the DNA isolated by blastocentesis, as the use of a 5.5 

µM ICSI pipette would not allow cells to enter the pipette during isolation (Tobler et al. 2015).  

Partially lysed cells may still be isolated, although this has not been visually reported in any of 

the blastocentesis studies. It is unlikely that blastocentesis itself promotes the lysis of 

embryonic cells, due to the procedure being performed gently, although damaged or partially 

lysed cells may become dislodged and isolated when the fluid is withdrawn by the pipette. 

Conversely, any genetic material that is released into the culture medium from the embryo must 

pass through the zona pellucida, with the only exception being for blastocysts that have begun 

the process of hatching where cells of the trophectoderm begin to herniate from the zona 

pellucida in preparation for implantation.  It is thought that the zona pellucida glycoprotein 

membrane permits DNA and other molecules such as metabolites through relatively 

unhindered (Stigliani et al. 2013).  Supporting this, studies have shown that metabolic profiles 

for embryos can be obtained from spent culture medium (Bellver et al. 2015, Kirkegaard et al. 

2014).  Given that the DNA studies performed to date have only used cohorts of ICSI 

inseminated embryos, it is possible that the ICSI injection site may produce an outlet for minute 

amounts of embryo cytoplasm prior to the first cleavage, and for cellular fragments and debris 

during subsequent cleavages.  To investigate this possibility, IVF embryos should also be 

analysed for levels of DNA in the embryo culture medium.  
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In the majority of studies, ICSI inseminated embryos have been investigated thus far in order 

to remove the possibility of paternal sperm contamination (Stigliani et al. 2013, Stigliani et al. 

2014, Wu et al. 2015).  Prior to ICSI, the cumulus cells are stripped using hyaluronidase, 

however some tightly associated cumulus cells may remain bound to the zona pellucida during 

pre-implantation development.  The presence of cumulus cells throughout pre-implantation 

development allows for the possibility of maternal contamination within the culture medium.   

Indeed, the incidence of maternal contamination may be reduced by thoroughly denuding the 

oocytes prior to ICSI in order to remove all the adhering cumulus cells.  However, prolonged 

exposure to hyaluronidase and over manipulation may be detrimental to the developmental 

competence of the oocyte.  Alternatively, cumulus cells could undergo an additional 

denudation at day 3 of culture, prior to medium sampling at the blastocyst stage in a sequential 

medium system.  Another potential source of maternal contamination is the polar bodies, where 

they may release their genetic material into the surrounding culture medium following their 

extrusion from the oocyte, although the amount of nuclear genetic material that they would 

contribute may be negligible (Ottolini et al. 2015).  

In order to validate the embryonic origin of the DNA in the culture medium it will be necessary 

to perform DNA fingerprinting analysis. This would involve comparing maternal tissue, such 

as cumulus cells or blood, to the culture medium of individual embryos.  For blastocentesis, 

one study aimed to compare the DNA fingerprints of the blastocoele fluid with that of the 

embryo, but found that the number of loci successfully amplified for blastocoele fluid was 

insufficient to allow for an accurate analysis (Poli et al. 2013).  The low yield and compromised 

integrity of the blastocoele fluid DNA and embryo culture medium DNA will make it 

challenging to discriminate mixed profiles of DNA, however these investigations are necessary 

in order to validate the origin of the DNA for downstream genetic testing and interpretation.  

The DNA isolated from blastocoele fluid and embryo culture medium may be fragmented and 

degraded, possibly due to cell death processes occurring throughout development.  In the 

human, the arresting early cleavage stage embryo undergoes cell cycle arrest rather than cell 

death, however fragmentation is associated with both apoptosis and necrosis (Betts et al. 2008, 

Chi et al. 2011).  At the blastocyst stage, apoptosis is thought to be a normal developmental 

event and may be involved in the regulation of cell number (Hardy et al. 1989, Hardy et al. 

2003).  Fragmenting nuclei and DNA appear following compaction, and apoptotic cells are 

detected in both the inner cell mass and trophectoderm, indicating a controlled elimination of 
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cells as part of normal pre-implantation development (Hardy et al. 1989, Spanos et al. 2002, 

Hardy et al. 2003, Fabian et al. 2005).  Therefore it is likely that some of the DNA present in 

the blastocoele fluid may arise through these apoptotic processes and the DNA may be 

fragmented as a consequence. There is also evidence that aneuploid cells may be excluded from 

the embryo and end up in the blastocoele fluid as a process of aneuploidy resolution, although 

further studies are needed to confirm this (Tobler et al. 2015).  The high rate of whole genome 

amplification failure for the blastocoele fluid DNA may be due to highly fragmented DNA 

within the blastocoele cavity, in conjunction with the low quantity of DNA isolated, but this 

requires further characterisation (Tobler et al. 2015).  The nuclear DNA isolated from the 

embryo culture medium also has a low molecular weight, where cellular fragmentation may 

also play a role (Stigliani et al. 2013).  

It is unknown whether the genetic material released by the pre-implantation embryo is involved 

in cellular communication.  It has been recently reported that miRNAs are secreted into the 

blastocoele fluid, suggesting that donor cells exert a miRNA gene regulatory effect on recipient 

cells through the blastocoele cavity (Cimadomo et al. 2015). It is possible that the DNA 

contained in the blastocoele fluid and embryo culture medium may be associated with extra-

cellular vesicles as a mode of communication with other cells of the embryo or endometrial 

cells, and this should be investigated. A summary of the potential mechanisms by which genetic 

material may be released into the blastocoele fluid and embryo culture medium, and the 

potential sources of contamination are outlined for the cleavage stage in figure 1.21 and for the 

blastocyst stage in figure 1.22. 
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Figure 1-21: Proposed mechanisms of DNA release and potential sources of DNA 

contamination in culture medium at the cleavage stage  

DNA may be released from the embryo by cellular fragmentation, apoptosis and necrosis in 

fragmentation bodies and cell cleavage. Apoptotic and necrotic mechanisms may result in the 

release of fragmented DNA.  The DNA must pass through the zona pellucida, and may be in 

the form of extra-cellular vesicles for cell communication.  Maternal contamination may arise 

from cumulus cells that remain adhered to the zona pellucida following denudation prior to 

ICSI and following IVF insemination.  It is also possible that maternal contamination may arise 

from the polar bodies following their extrusion from the oocyte.  Paternal contamination may 

arise from sperm that adhere to the zona pellucida following IVF insemination. The possibility 

of paternal contamination is thus removed when analysing culture medium from ICSI 

inseminated embryos.  Low levels of genetic material may contaminate the culture medium 

following manufacture, or alternatively, contamination may arise during the culture period 

from the surrounding environment.  
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Figure 1-22: Proposed mechanisms of DNA release and potential sources of DNA 

contamination in blastocoele fluid and embryo culture medium during blastocyst 

development 

DNA may be released into the blastocoele fluid and culture medium from cells of the inner cell 

mass and trophectoderm by cell lysis, apoptosis or shedding of cellular debris. Nuclei from 

lysed cells may undergo deterioration and release whole chromosomes into the blastocoele 

fluid and the culture medium. Cells undergoing apoptosis as part of a controlled elimination 

process may result in the release of fragmented DNA.  DNA may be packaged in extra-cellular 

vesicles for communication between cells of the trophectoderm and inner cell mass. Potential 

sources of contamination may arise from cumulus cells, sperm and polar bodies that persist to 

the blastocyst stage. The culture medium may also become contaminated following 

manufacture or during the culture period. 
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1.13.7   Summary  

 

Blastocoele fluid and embryo culture medium could be an alternative source of DNA for 

genetic analysis provided that there is some assurance that the DNA is of adequate quality, can 

undergo reliable amplification, and is largely of embryonic origin.  Currently, there is a lot of 

preliminary evidence suggesting that blastocoele fluid and embryo culture medium assessment 

may have the potential to be utilised as a method of genetic analysis, for either direct genetic 

assessment of the embryo or as a biomarker of viability.  Clinically, blastocentesis may 

represent an alternative approach to trophectoderm biopsy. Given that blastocentesis can occur 

as part of the vitrification process, the embryo would undergo fewer manipulations, and cells 

would not need to be removed from the embryo itself. The genetic material present in the 

embryo culture medium may also have the potential to be used for genetic testing in a 

completely non-invasive manner. Further optimisation of the methodologies will need to be 

performed however, along with larger study cohorts and a full assessment of DNA origin before 

the use of blastocoele fluid or spent embryo medium could be advised. 

Minimally invasive methodologies for the genetic assessment of embryos may represent an 

exciting development for the future of PGS and PGD.   In recent years, there have been 

significant advancements in the molecular platforms that are used to screen embryos for 

aneuploidy and inherited disorders.  These advancements have resulted in the ability to obtain 

a highly reliable genetic diagnosis from the limited amount of biological material available 

following embryo biopsy. With further research, it is possible that the genetic material present 

in blastocoele fluid or embryo culture medium may be utilised for the genetic assessment of 

embryos.  If these methodologies accurately represent the genetics of the embryo and can be 

optimised to overcome the very limited amount of genetic material available for analysis, then 

they may offer the additional benefits of being minimally invasive to the embryo and less 

technical to perform. 
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Chapter 2  
Introduction to the studies 

and research aims 
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   Preamble  

 

The science of reproduction contributes to our knowledge of the very first developments of the 

human embryo.  It has the potential to help couples have a family, who would otherwise not be 

able to.  Remarkably, research over the last few decades has led to in vitro fertilisation (IVF) 

becoming a medical treatment for infertility.  Sperm and oocytes are bought together outside 

the body, and the resulting embryos are nurtured and monitored in a laboratory environment. 

The final step involves selecting an embryo for transfer into the uterus to hopefully establish a 

successful pregnancy.  IVF treatment has led to the birth of millions of babies worldwide, 

representing a significant contribution to modern medicine and humanity in general, and a more 

personal contribution to the families that it has helped (ICMART. 2015).  

Despite major advancements in the field of IVF during recent times, the success rates have 

remained far from desirable.  Only one out of every four IVF cycles succeed in achieving the 

goal of treatment; to result in a healthy live birth (Macaldowie et al. 2015).  As well as being 

described by many as being an ‘emotional rollercoaster’, IVF treatment is invasive and 

expensive (Ying et al. 2016).  All efforts should be made to reduce the treatment burden for 

couples needing to undertake this type of therapy.  IVF research should aim to improve the 

success rates of this invasive treatment and reduce the time to pregnancy.  Ultimately, this will 

give couples their best chance of having a family whilst minimising the physical, emotional 

and financial cost of treatment. Through further advancements in the biological knowledge, 

clinical protocols and medical technology that underlie IVF treatment, the success rates can be 

improved, offering couples more effective therapy.  

The most important factor that ensures successful IVF treatment is the selection and transfer 

of an embryo that is compatible with life.  While the transfer of multiple embryos can increase 

pregnancy rates, multiple pregnancies are the most significant cause of mortality and morbidity 

in IVF (Grady et al. 2012, van Heesch et al. 2014).  Therefore, the transfer of a single embryo 

should be the clinical standard to ensure safe IVF practice. The diagnosis of embryo 

competence in the laboratory however has not reached a high level of accuracy and remains 

primarily based on daily morphological evaluations.  Therefore, accurate ways to screen 

embryos for their viability are needed, in order to reach maximal IVF success rates following 

single embryo transfer.  
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The ideal screening method would identify the best embryo within every patient cohort. It 

would ensure that the embryo remains safe within the laboratory, and minimise any risk caused 

by excess manipulation and disturbances to culture conditions. The method should endeavour 

to be universal.  When applied to different laboratory settings, it should remain robust and 

withstand variations across different IVF practices.  The biological information, or biomarker, 

should be easily obtained, in a way that requires minimal skill. The information gained should 

have a paramount predictive ability. It should be able to predict, with near certainty, which 

embryo has the best chance of resulting in a healthy baby.   

Information obtained early in culture would be favourable.  In this case, the embryo would 

spend less time within an in vitro environment that is only an approximation of the conditions 

that are experienced within the uterus.  If possible, the time taken to process the biological 

information should also be reduced, allowing fresh embryo transfer in centres that do not have 

optimal freezing programmes.  Fundamentally, this method should justify the use of single 

embryo transfer for every patient, so that no deaths or disabilities are caused by unnecessary 

multiple pregnancies.  As a field, this should be on the forefront of the agenda and research 

should support the search for this biomarker paradigm.    

Along with applying our existing knowledge of embryo physiology, the discovery of new 

facets of embryo biology will foster the search for novel biomarkers.  Above all, it will be 

necessary to understand what endows the embryo with the ability to thrive, and how this 

interacts with patient factors and the IVF environment.  Searching for easily accessible clues 

that disclose this inner physiology of the embryo will provide the basis for developing these 

biomarkers.  By investigating embryo morphology, kinetics, genetics, transcriptomics, 

proteomics and metabolomics, meaningful developmental information can be gained.  It will 

be important to determine how all these elements interact to create the complex physiology 

within the developing embryo.  It will also be critical to determine whether a single element 

will be sufficient to track and measure, or whether a combinatorial analysis gauging a number 

of different aspects of embryo physiology is necessary. What clues will the embryo allow us 

to observe and measure, and importantly, how can we do this without disturbing its 

developmental path? The scope of this research will not only search for biomarkers, but 

uncover some of the unknown perplexities of the pre-implantation embryo along the way.  
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   Research aims 

 

The embryo acquires its ability to thrive and develop very early on.  It is known that the 

developmental competence of the embryo is majorly influenced by the conditions that the 

oocyte experiences within the ovary.  The age of the ovary, or female age, is the most important 

determinant of oocyte competence.  There is a well characterised decline in embryo viability 

after the age of 30 years (Fragouli et al. 2013b).  Through ovarian ageing, the genetics of the 

embryo becomes compromised.  The embryo becomes vulnerable to acquiring chromosomal 

aneuploidy.  In most cases, aneuploidy causes developmental arrest, implantation failure or 

miscarriage.  However, we are still left with the conundrum that even euploid embryos, which 

have the correct chromosomal complement, may fail to implant or result in a live birth.  While 

the endometrium is known to play a role in the establishment of a successful pregnancy, there 

are still many unknown determinants of embryo viability.  

Recently, it has been suggested that the maternally inherited mitochondrial genome may be 

another genetic determinant of embryo viability.  Converse to the nuclear genome, little is 

known about the mitochondrial genome of oocytes and embryos after ovarian ageing.  This 

genome is susceptible to mutations over time.  It is plausible then, that after the long era of 

arrest in the ovary, the integrity of the mtDNA within the oocyte may become compromised.  

It is possible that the mtDNA may accumulate large scale deletions or point mutations in a 

heteroplasmic state within the oocyte during ovarian ageing.  A compromised mitochondrial 

genome may then effect or alternatively reflect embryo viability.  

Ovarian stimulation also influences the conditions that the oocyte experiences within the ovary.  

During IVF, high doses of exogenous gonadotropins are administered to stimulate the ovaries 

to produce a cohort of follicles.  By deviating from the conditions of a natural ovarian cycle, 

ovarian stimulation may reduce the quality of the very oocytes that are being recruited.  It is 

thought that milder ovarian stimulation regimens, more akin to a natural ovarian cycle, produce 

a smaller cohort of higher quality oocytes, but the mechanisms are incompletely understood (Ji 

et al. 2013, Santos et al. 2010, van der Gaast et al. 2006).  In theory, oocytes with a 

compromised mitochondrial genome, that would normally undergo atresia in a natural ovarian 

cycle, may become rescued following ovarian stimulation.  It is unknown whether large scale 

mtDNA deletions or mtDNA heteroplasmy occurs more frequently in oocytes that mature 

under the conditions of ovarian stimulation.   
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Inquiry into the effects of ovarian ageing and ovarian stimulation on the integrity of the 

mitochondrial genome will uncover key, and previously unknown aspects of oocyte genetics.  

Studying these effects in humans is difficult due to genetic and environmental variability. 

Additionally, it is unfeasible to obtain human oocytes from natural ovarian cycles as well as 

mild stimulation regimens in a clinical setting.  Animal studies that model the effect of ovarian 

ageing and natural, mild and standard ovarian stimulation regimens on oocyte competence will 

prove to be a valuable research tool for studying these effects.   

This thesis utilises a novel bovine model to investigate the integrity of the mitochondrial 

genome in oocytes following ageing and ovarian stimulation.  To reduce genetic variation, 

bovine clones were generated by somatic cell nuclear transfer (SCNT) from a single founder 

(Wells et al. 1999).  They had an identical environmental upbringing and were maintained as 

one herd.  To investigate the effect of ovarian ageing, young (3 years) and old (10 years) bovine 

clones were studied.  Oocytes were collected following natural ovarian cycles, in addition to 

mild and standard ovarian stimulation which was based on the long GnRH agonist down-

regulation regimen used in human fertility clinics.   

 

1. The first aim of this thesis is to determine whether ovarian ageing and ovarian 

stimulation lead to the accumulation of mtDNA deletions and mtDNA 

heteroplasmy in oocytes from a novel bovine model of human IVF.                                                                                              

 

It is known that there is heterogeneity between the oocytes that are retrieved after ovarian 

stimulation.  Within a patient cohort, the oocytes will show differences in their ability to thrive 

and develop.  This is owing to each ovarian follicle creating a unique micro-environment for 

the oocyte, bestowing an individual level of developmental capability.  The cumulus cells, 

being closely associated with the oocyte, strongly influence this micro-environment and may 

reveal molecular information about the conditions in which the oocyte developed.  The 

cumulus cells are discarded during IVF, however they could provide useful information about 

the pre-determined potential of the oocyte.  Cumulus cells may therefore be an easily accessible 

biomarker of oocyte viability and aid in embryo selection.  Importantly, they can be analysed 

using a method that is completely non-invasive to the embryo, making them an excellent 

candidate for biomarker testing.  To explore this concept, previous studies have investigated 
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the expression levels of viability genes in cumulus cells in relation to embryo competence, 

however mixed predictive abilities have been demonstrated (Ekart et al. 2013, Feuerstein et al. 

2012, Wathlet et al. 2012).  By analysing novel aspects of cumulus cell viability, the capability 

of these cells to act as a non-invasive biomarker of embryo quality can undergo further 

consideration.  

The time that it takes an embryo to reach developmental milestones may indicate if it is 

developing normally and thus its viability.  Time-lapse microscopy has been introduced 

clinically for this very reason.  It enables constant embryo monitoring and undisturbed culture. 

With its recent emergence, time-lapse parameters have been nominated as non-invasive 

biomarkers of embryo viability.  Through constant monitoring, the timing of early cell division 

can be measured.  There appears to be correlations between developmental rate and embryo 

viability.  Several different time-lapse parameters have been proposed to predict blastocyst 

quality (Cruz et al. 2012, Hashimoto et al. 2012, Kirkegaard et al. 2013, Meseguer et al. 2011, 

Wong et al. 2010).  While expression of viability genes in cumulus cells and time-lapse 

parameters may represent two distinct, clinically available biomarkers of embryo viability, no 

study has investigated the relationships that exist between them. Combined, these two 

biomarkers may generate more reliable predictions of embryo viability, compared to on their 

own. 

 

2. The second aim of this thesis is to determine the relationship between expression 

of cumulus cell viability genes, early time-lapse parameters and blastocyst quality 

in human IVF.  The combined use of these two non-invasive biomarkers will be 

analysed in a clinical setting. 

 

During investigation of the genetic determinants of embryo viability, there has been a recent 

and unexpected discovery.  DNA has been found within the blastocoele fluid cavity of the 

developing blastocyst, as well as in spent embryo culture media.  It has been suggested that 

this DNA may be a completely novel, and minimally invasive biomarker candidate.  However, 

the significance of this DNA and its origin is still unknown.  Without this essential 

understanding, there are constraints in our ability to determine whether this could represent a 

new mode of viability assessment.  If the DNA does originate from the embryo, this may open 
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up new methods for the way embryo genetics are assessed.  The ability to assess embryo 

genetics in a minimally invasive way may represent a major advancement for the future of PGS 

and PGD.   

This DNA does come with challenges however as extremely low amounts are detected within 

the blastocoele fluid and spent embryo media.  To date there is some preliminary evidence that 

the DNA can be isolated and undergo downstream genetic analysis.  For blastocoele fluid, there 

is some evidence that the DNA could be used for aneuploidy testing, although studies to date 

are conflicting (Gianaroli et al. 2014, Magli et al. 2016, Tobler et al. 2015).  For spent embryo 

culture media, both nuclear and mtDNA have been detected.  It has been reported that the levels 

of DNA may be related to aspects of embryo quality.  Additionally, some studies have 

suggested that the DNA could be used for the genetic assessment of the embryo, but this 

remains controversial while the origin of the DNA has yet to be fully evaluated (Assou et al. 

2014, Stigliani et al. 2013, Stigliani et al. 2014, Wu et al. 2015).  Further research that aims to 

characterise the genetic material in the blastocoele fluid and spent embryo culture media is 

needed to determine whether it could have the potential to be a biomarker of embryo viability 

in a clinical setting. 

 

3. The third aim of this thesis is to characterise the nuclear and mtDNA in spent 

embryo culture media and following artificial blastocoele fluid collapse.  The 

origin of the DNA will be assessed and its potential to be a non-invasive biomarker 

of embryo viability will be examined.   
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   Thesis structure  

 

This thesis has been prepared in accordance with the University of Auckland 2011 PhD Statute 

and Guidelines for Including Publications in a Thesis.  The first chapter of the thesis is an 

introduction to the current literature surrounding IVF and embryo selection.  Included in the 

first chapter is a review article that has been published in Human Reproduction in May 2016, 

providing a critical evaluation of novel strategies that may have the potential to be used for the 

genetic assessment of embryos in a minimally invasive manner.  

The review article is entitled:  

Nuclear and mitochondrial DNA in blastocoele fluid and embryo culture medium: 

evidence and potential clinical use 

The second chapter introduces the studies and outlines the research aims of this thesis.  Results 

chapters 3, 4 and 5 are each comprised of a peer-reviewed original research article that has 

been published.  

The structure of each results chapter includes: 

 A foreword describing the rationale and summary of research presented in each original 

research article.  The contribution of the PhD candidate, author list, affiliations and the 

publishers’ approval for the inclusion of the manuscript is stated. 

 The manuscript included in its entirety following publication.  Each original research 

article is comprised of an abstract, introduction, detailed materials and methods, and 

results and discussion section. 

 An afterword providing the concluding discussion and acknowledgement of the impact 

of each publication within the field.  

 Each manuscript has been reformatted according to thesis guidelines. The numbering 

of figures and tables has been edited for consistency throughout the thesis. 
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The title of each original research article in chapters 3, 4 and 5 is stated below: 

Chapter 3:  

Oocyte mitochondrial deletions and heteroplasmy in a bovine model of ageing and 

ovarian stimulation 

Chapter 4:  

Assessing embryo quality by combining non-invasive markers: early time-lapse 

parameters reflect gene expression in associated cumulus cells 

Chapter 5:  

Characterising nuclear and mitochondrial DNA in spent embryo culture media: 

genetic contamination identified 

The sixth chapter is a concluding summary of findings.  It provides a critical evaluation of each 

original research article with the field.  The overall impact of the series of publications, along 

with future directions is discussed.  The seventh chapter consists of appendices which include 

supplementary data, authors’ roles, funding, conflicts of interest, and acknowledgements as 

they appear following publication.  The eighth chapter is a complete list of the references cited 

throughout the entire thesis.   
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Chapter 3  
Oocyte mitochondrial 

deletions and heteroplasmy 

in a bovine model of ageing 

and ovarian stimulation 
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   Foreword 

 

The genetic blueprint of an oocyte is a major determinant of viability.  It is now well established 

that aneuploidy is a consequence of ovarian ageing, and that in general it is extremely common 

in human oocytes and embryos.  The mitochondrial genome, despite being an important genetic 

component of the pre-implantation embryo, remains relatively unchartered.  A growing number 

of studies have proposed that the mitochondrial genome plays a role in determining oocyte and 

embryo viability.  Unlike the nuclear DNA, the mtDNA is a multi-copy genome and is very 

susceptible to mutations.  This calls for a unique set of mtDNA investigations in order to 

understand the significance of this genome for the viability of the pre-implantation embryo.  

Currently, there is limited knowledge surrounding the integrity of the mitochondrial genome 

in oocytes and pre-implantation embryos.  Few studies have assessed the presence of large 

scale mtDNA deletions, and of those that have, they have been limited to analysing non-viable 

oocytes and embryos.  Further, no study has quantified the frequency of mtDNA heteroplasmy 

in oocytes using comprehensive NGS technologies.  Due to the long arrest period of the oocyte 

within the ovary, mtDNA mutations may accumulate after ovarian ageing.  It is also possible 

that ovarian stimulation may increase the frequency of mutated mtDNA, essentially rescuing 

those oocytes with compromised mitochondrial genomes.  Human studies investigating oocyte 

viability are often limited by differences in maternal age and ovarian stimulation regimens 

within patient cohorts, in addition to genetic and environmental variability.  

The summary of the research presented in this chapter:  

 To describe the results of a uniquely designed novel study that investigates the effect 

of maternal age and ovarian stimulation on the frequency of large scale mitochondrial 

deletions and heteroplasmy in individual oocytes.  

 To investigate the integrity of the mitochondrial genome in viable oocytes, a bovine 

model of human IVF was developed.  Cloned cattle were derived using somatic cell 

nuclear transfer, controlling for both genetic and environmental factors.   

 Two cohorts of cloned cattle (young and old) were subjected to multiple rounds of 

natural, mild and standard stimulation protocols, based on stimulation regimens used in 

human IVF.  This model allowed for fundamental aspects of oocyte genetics to be 

uncovered, which would be impossible to accomplish in a human setting. 
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 The results from the current study provide novel insight into how the mitochondrial 

genome may be involved in determining oocyte developmental potential following 

ovarian ageing and ovarian stimulation. 

The following manuscript was published in 2016 in the journal Molecular Human 

Reproduction, volume 22, from page 261 to 271.  Molecular Human Reproduction features 

full-length, peer-reviewed papers reporting original research.  In 2016, Molecular Human 

Reproduction had an impact factor of 3.747, with a 5-year impact factor of 3.956. The 

publication is included in its entirety.  

Contribution of the candidate: 

Elizabeth R. Hammond carried out the experimental work and performed the data analysis.  

The animal model was designed by Mark P. Green and John C. Peek, and the animal work 

was carried out by Mark P. Green.  NGS and preliminary bioinformatics analysis was 

performed by New Zealand Genomics Limited (NZGL). Following data collection, 

Elizabeth R. Hammond interpreted the experimental findings, wrote the first draft and 

produced the figures and tables of the manuscript.   

Publishers’ approval for the inclusion of the manuscript: 

This article was originally published by Oxford University Press, Molecular Human 

Reproduction; Hammond ER, Green MP, Shelling AN, Berg MC, Peek JC and Cree LM. 

Oocyte mitochondrial deletions and heteroplasmy in a bovine model of ageing and ovarian 

stimulation. 2016, 10.1093/molehr/gaw003. 

http://molehr.oxfordjournals.org/content/early/2016/02/10/molehr.gaw003.full.pdf+html 

This manuscript has a standard copy write licence. Oxford University press has given 

permission for the version of record to be included in this thesis with publication.  

http://molehr.oxfordjournals.org/content/early/2016/02/10/molehr.gaw003.full.pdf+html
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   Abstract 

 

STUDY HYPOTHESIS Maternal ageing and ovarian stimulation result in the accumulation 

of mitochondrial DNA (mtDNA) deletions and heteroplasmy in individual oocytes from a 

novel bovine model for human assisted reproductive technology (ART). 

STUDY FINDING The levels of mtDNA deletions detected in oocytes increased with ovarian 

ageing.  Low levels of mtDNA heteroplasmy were apparent across oocytes and no relationship 

was identified with respect to ovarian ageing or ovarian stimulation. 

WHAT IS KNOWN ALREADY Oocyte quality decreases with ovarian ageing and it is 

postulated that the mtDNA may have a role in this decline.  The impact of ovarian stimulation 

on oocyte quality is poorly understood.  Human studies investigating these effects are often 

limited by the use of low quality oocytes and embryos, variation in age and ovarian stimulation 

regimens within the patients studied, as well as genetic and environmental variability.  Further, 

no study has investigated mtDNA heteroplasmy in individual oocytes using next-generation 

sequencing (NGS), and little is known about whether the oocyte accumulates heteroplasmic 

mtDNA mutations following ageing or ovarian stimulation. 

STUDY DESIGN, SAMPLES/MATERIALS, METHODS A novel bovine model for the 

effect of stimulation and age in human ART was undertaken using cows generated by somatic 

cell nuclear transfer (SCNT) from one founder, to produce a homogeneous population with 

reduced genetic and environmental variability.  Oocytes and somatic tissues were collected 

from young (3 years of age; n = 4 females) and old (10 years of age; n = 5 females) cow clones 

following multiple natural ovarian cycles, as well as oocytes following multiple mild (FSH 

only) and standard (based on human a long GnRH agonist protocol) ovarian stimulation cycles.  

In addition, oocytes were recovered in a natural cycle from naturally conceived cows aged 4-

13.5 years (n = 10) to provide a heterogeneous cohort for mtDNA deletion studies.  The 

presence or absence of mtDNA deletions were investigated using long-range PCR in individual 

oocytes (n = 62).  To determine the detection threshold for mtDNA heteroplasmy levels in 

individual oocytes, a novel NGS methodology was validated; artificial mixtures of the Bos 

taurus and Bos indicus mitochondrial genome were generated at 1, 2, 5, 15 and 50% ratios to 

experimentally mimic different levels of heteroplasmy. This NGS methodology was then 

employed to determine mtDNA heteroplasmy levels in single oocytes (n = 24).  Oocyte mtDNA 
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deletion and heteroplasmy data were analysed by binary logistic regression with respect to the 

effects of ovarian ageing and ovarian stimulation regimens. 

MAIN RESULTS AND THE ROLE OF CHANCE Ovarian ageing, but not ovarian 

stimulation, increased the number of oocytes exhibiting mtDNA deletions (P = 0.04).  A 

minimum mtDNA heteroplasmy level of 2% was validated as a sensitive (97-100%) threshold 

for variant detection in individual oocytes using NGS.  Few mtDNA heteroplasmies were 

detected across the individual oocytes, with only 15 oocyte-specific variants confined to two 

of the 24 oocytes studied.  There was no relationship (P > 0.05) evident between ovarian ageing 

or ovarian stimulation and the presence of mtDNA heteroplasmies. 

LIMITATIONS, REASON FOR CAUTION The low number of oocytes collected from the 

natural ovarian cycles limited the analysis.  Fertilization and developmental potential of the 

oocytes was not assessed as the oocytes were destroyed for mtDNA deletion and heteroplasmy 

analysis. 

WIDER IMPLICATIONS OF THE FINDINGS If the findings of this model apply to the 

human, this study suggests that the incidence of mtDNA deletions increases with age, but not 

with degree of ovarian stimulation, while the frequency of mtDNA heteroplasmies may be low 

regardless of ovarian ageing or level of ovarian stimulation. 

STUDY FUNDING AND COMPETING INTEREST(S) Funding was provided by Fertility 

Associates, the Nurture Foundation for Reproductive Research, the Fertility Society of 

Australia, and the Auckland Medical Research Foundation.  J.C.P. is a shareholder of Fertility 

Associates and M.P.G. received a fellowship from Fertility Associates.  The other authors of 

this manuscript declare no conflict of interest that could be perceived as prejudicing the 

impartiality of the reported research. 
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   Introduction 

 

The oocyte is the major determinant of embryo developmental potential, and the decline in 

oocyte quality following ageing is well documented (Fragouli et al. 2011, Keefe et al. 2015). 

Ovarian ageing is associated with increased chromosomal aneuploidy, mitochondrial 

dysfunction and altered metabolic output of the oocyte, as well as changes in the function of 

the surrounding cumulus cells, although the underlying processes are incompletely understood 

(Bentov and Casper 2013, Fragouli et al. 2011, Pacella et al. 2012).  Maternally inherited, the 

mitochondrial genome (mtDNA) is thought to play a key role in ovarian ageing (Lagouge and 

Larsson 2013).  The mtDNA is a 16.5 kb closed circular, double stranded multi-copy genome 

that encodes 13 components of the respiratory chain, as well as two rRNAs and 22 tRNAs 

needed for mitochondrial translation (Larsson 2010). Normal respiratory chain activity requires 

adequate numbers of intact and functional mitochondrial genomes (Larsson 2010). 

Mitochondria account for a large fraction of the cytoplasmic volume of the mature oocyte, and 

human oocytes have been shown to harbour between 240 000 and 1 550 000 mtDNA copies 

(Barritt et al. 2002, Cotterill et al. 2013, Dell'Aquila et al. 2009).  In contrast, the mtDNA copy 

number of somatic cells is considerably lower, at around 100-10 000 copies per cell, with the 

number reflecting the energy requirements of a particular cell type (Lagouge and Larsson 

2013).  The mtDNA is particularly susceptible to damage due to its close proximity to reactive 

oxygen species (ROS) produced as a by-product of oxidative phosphorylation.  In addition, 

mtDNA lacks protective histones, has limited DNA repair mechanisms and is prone to 

replication errors (Larsson 2010).  Through accumulated damage, mitochondrial dysfunction 

is implicated in the ageing process, and increased mtDNA mutations, mtDNA deletions and 

respiratory chain deficiency are apparent in many tissue types following ageing (Bua et al. 

2006, Kazachkova et al. 2013, Lagouge and Larsson 2013).  These may be present as mtDNA 

heteroplasmy, the term used to describe the presence of a mixture of wild type and mutated 

mtDNA molecules in a cell. 

Oocytes remain arrested in prophase I for up to 50 years in the human and it is unclear to what 

extent the mtDNA of the oocyte remains in a protected quiescent state during ovarian ageing.  

It is possible that during this arrest, the mtDNA may accumulate damage or replication errors 

that may manifest as mtDNA heteroplasmy and mtDNA deletions.  These in turn may lead to 

mitochondrial dysfunction, but there is limited work investigating this theory.  What is known 
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is that during the transition from a primordial follicle to a mature oocyte, there is a large 

increase in the number of mtDNA copies (Cree et al. 2008, St. John et al. 2010).  During the 

process of maturation, the oocyte is supported by the transfer of high energy substrates through 

gap junction mediated transfer from cumulus cells, where the metabolic activity of the oocyte 

itself is initially low (Coticchio et al. 2015).  Following maturation oocyte mitochondria are 

involved in ATP synthesis, ROS production and calcium signalling to support chromosomal 

segregation and the process of fertilization, as well as being integral to embryo development 

(Ramalho-Santos et al. 2009, Reynier et al. 2001, Schon et al. 2000, Shoubridge and Wai 2007, 

Van Blerkom 2004).  Evidence suggests that mtDNA content may modulate oocyte quality, 

the ploidy status and the implantation potential of an embryo (Cummins 2002, Diez-Juan et al. 

2015, Fragouli et al. 2015, Reynier et al. 2001, Tan et al. 2014).  In contrast, little is known 

about the effect of mtDNA deletions on oocyte and embryo quality, and even fewer studies 

have assessed mtDNA heteroplasmy in this context (Barritt et al. 1999, Chan et al. 2005, 

Fragouli et al. 2015, Hsieh et al. 2002, Shamsi et al. 2013).  In the early pre-implantation 

embryo, mtDNA is apportioned between individual blastomeres with each cell division (Cree 

et al. 2008).  mtDNA only starts to replicate in the post-implantation stage of development 

(Cree et al. 2008, St. John et al. 2010).  Therefore, it is feasible that an oocyte requires a 

minimum number of functionally active mtDNA genomes for normal development and 

implantation. 

Like ovarian ageing, the effects that ovarian stimulation regimens have on oocyte quality are 

poorly understood.  Ovarian stimulation often appears to produce a cohort of oocytes that are 

heterogeneous in their developmental potential and work to date shows that individual oocytes 

have varied gene expression profiles, possibly due to the differing ovarian microenvironments 

present within the ovary (Cree et al. 2015, McNatty et al. 2010).  It has been proposed that 

milder ovarian stimulation produces a smaller cohort of higher quality oocytes (Ji et al. 2013, 

Santos et al. 2010, van der Gaast et al. 2006).  However, ovarian stimulation may also impact 

endometrial receptivity as evidenced by higher pregnancy rates in thawed embryo transfer 

cycles (Aflatoonian et al. 2010, Shapiro et al. 2011a, b, Verberg et al. 2009).  One study in the 

rhesus macaque has suggested that mtDNA deletions may be more common in oocytes 

following ovarian stimulation, and this should be investigated further (Gibson et al. 2005).  To 

date, no study has assessed whether mtDNA heteroplasmy is more common in oocytes 

following ovarian stimulation.  Specifically, stimulation may rescue oocytes with mtDNA 
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deletions or high levels of mtDNA heteroplasmy that would otherwise undergo atresia in a 

natural ovarian cycle. 

Studies are needed to assess how ovarian ageing and ovarian stimulation may influence the 

accumulation of mtDNA heteroplasmy and mtDNA deletions, since many women having 

fertility treatment are near the end of their reproductive period.  Studying these effects in 

humans is difficult due to wide variation in both the genetic and environmental background. 

Generally oocytes are only recovered from a stimulated cycle (not a natural cycle) from couples 

receiving fertility treatment, and only unfertilised oocytes are available for study. Unlike 

rodents and sheep, cattle are an attractive species to model human reproduction, as they are 

mono-ovular, have a similar follicle size at ovulation and have a nine-month gestation period 

(Adams et al. 2008).  The current study employs a novel bovine model, in which a cohort of 

young and old cloned females generated from the same founder by somatic cell nuclear transfer 

(SCNT), underwent natural ovarian cycles, mild ovarian stimulation and standard ovarian 

stimulation.  This study, included stimulation based on the long GnRH agonist down-regulation 

regimen used in human fertility clinics.  This model allowed for the independent effects of 

ovarian ageing and ovarian stimulation on mtDNA heteroplasmy and mtDNA deletions to be 

assessed in individual oocytes.  The clones were maintained as one herd, reducing both genetic 

and environmental variability to a level that could not be obtained in human studies.  It is 

hypothesized that ovarian ageing and increasing doses of ovarian stimulation will be associated 

with an increased frequency of mtDNA deletions and heteroplasmies in oocytes from this novel 

bovine model.  Knowledge gained from the current study will enable further understanding of 

how the mitochondrial genome may be involved in determining oocyte developmental potential 

following ovarian ageing and ovarian stimulation. 
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   Materials and Methods 

3.4.1   Animals and tissues 

 

Oocytes were collected from a young cohort and an old cohort of genetically identical bovine 

clones as previously described in Cree et al. (2015). The young and old bovine clones were 

created by somatic cell nuclear transfer (SCNT) using mural granulosa cells from a single 3-

year-old Friesian cow, thus the donor cells used were of the same genetic origin across the two 

cohorts (Wells et al. 1999).  Following their creation by SCNT, the young females were aged 

3 years and the old females were aged 10 years.  Donor oocytes were collected from abattoir 

ovaries, with each clone being generated from a donor oocyte potentially from a different cow.  

While the two cohorts of bovine clones had identical nuclear genetics, subtle sequence 

differences existed for the mitochondrial genome.  This was unavoidable even if the same 

oocyte donor was used across all bovine clones, as it is known that individual oocytes within 

the same animal may have subtle mtDNA heteroplasmy variation between them (Cree et al. 

2008). 

The young cohort consisted of four female bovine clones that were aged 3 years old at the start 

of the study; comparable to women aged in their mid-twenties (Malhi et al. 2005).  The old 

cohort consisted of five bovine clones that were aged 10 years old at the start of the study; 

comparable to women aged around 37 years (Dias et al. 2014, Malhi et al. 2005).  The Friesian 

cows were non-lactating, maintained as one herd and kept under the same environmental 

management at AgResearch Ltd (Hamilton, New Zealand).  In addition, oocytes were 

recovered from a separate cohort of ten naturally conceived Friesian cows, aged between 4 and 

13.5 years old, kept under the same conditions at AgResearch Ltd.  At the end of the study, 

clones and naturally conceived females were euthanized by i.v. administration of 500 mg/ml 

sodium pentobarbital (Pentobarb 500; National Vet Supplies, New Zealand).  For each female 

clone, a blood sample was collected immediately prior to euthanasia in a 10 ml EDTA 

vacutainer (Becton Dickinson), kept on ice, spun at 1500 g and the resulting buffy coat 

collected, snap frozen and stored at -80°C.  Liver (100 mg) was taken from the left lobe, and 

muscle (100 mg) was taken from the left quadriceps at post-mortem. Both tissues were 

processed less than 5 min post-mortem, snap frozen in liquid nitrogen, and stored at -80°C. 
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3.4.2   Ethical approval 

 

This study was approved by the Ruakura Animal Ethics Committee (AEC11817). 

 

3.4.3   Ovarian stimulation regimen and oocyte recovery 

 

Ovarian stimulation and oocyte recovery for the bovine clones was performed as previously 

described by Cree et al. (2015).  Briefly, over the course of 3 years, young (n = 4) and old (n = 

5) females were each subjected to four natural, three mild and two standard ovarian stimulation 

cycles with at least one 21-day natural cycle between every sampled cycle to minimize any 

carry over effects from previous stimulation on subsequent follicular or luteal characteristics.  

For natural cycles, females were synchronized by administering two i.m. injections of 500 µg 

Cloprostenol (EstroPLAN; New Zealand) 12 days apart and oestrus (Day 0) was identified by 

monitoring twice daily, and the use of tail paint.  The size of the dominant ovulatory follicle 

was mapped by ultrasonography on Days 9, 12, 15, 17 and 19 post-oestrus.  Ovulation was 

induced on Day 19 by administering i.m 1500 IU hCG (Chorulon; MSD Animal Health, New 

Zealand), and oocyte recovery was undertaken 22 h later (Day 20).  For mild cycles, females 

were synchronized, and administered 160 mg of FSH i.m. (Folltropin-V; Vetrapharm Canada) 

in a 5 day step-down regimen (Day 13 50 mg, Day 14 40 mg, Day 15 30 mg, Day 16 20 mg 

and Day 17 20 mg), divided in to twice daily injections.  On Day 18, once lead follicles were 

>14 mm, 1500 IU hCG was administered i.m. and oocyte recovery was undertaken 22 h later 

(Day 19).  In the bovine mature oocytes are obtained once the follicle diameter reaches 12–14 

mm, equivalent to 17-18 mm in human IVF.  For standard stimulation, local anaesthesia (2 ml 

2% v/v lidocaine; Bomacaine, Bomac Laboratories Ltd New Zealand) was administered in the 

ear of each female and a GnRH agonist implant  (4.7 mg Suprelorin implant; PepTech Animal 

Health, Australia) was inserted sub-dermally.  Every 7 days, follicles ˃ 4 mm were ablated until 

Day 35, when each female received i.m. 320 mg of FSH (Folltropin-V; Vetrapharm, Canada) 

in a 7 day step-down regimen (Day 36 100 mg, Day 37 70 mg, Day 38 50 mg, Day 39 40 mg, 

Day 40 20 mg, Day 41 20 mg and Day 42 20 mg) divided in to twice daily injections, with 

ovarian dynamics mapped and measured at each of these days.  On Day 42, once the lead 

follicle diameters were >14 mm, 1500 IU of hCG (Chorulon; MSD Animal Health) was 
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administered i.m. and oocyte recovery was undertaken 22 h later (Day 43).  For the 10 naturally 

conceived females, oestrous cycles were synchronized as described for the natural cycles of 

the cloned cows, and oocytes recovered from follicles >10 mm on Day 14 of a FSH stimulated 

cycle following euthanasia.  For female clones, prior to ovum pick-up (OPU), i.v. 

administration of 2 ml 2% v/v xylazine (Rompun; Bayer Animal Health, New Zealand) was 

undertaken for mild sedation, and epidural anaesthesia was administered (4 ml 2% v/v 

lidocaine; Bomacaine, Bomac Laboratories Ltd, New Zealand).  OPU was undertaken using a 

7.5 mHz transvaginal sector probe (PieMed 200S; Pie Medical Imaging BV, Netherlands) with 

a sampling wand employing a 19G × 1.5″ BD Precision-Glide needle (Becton Dickinson, New 

Zealand) attached to a 25 mm Hg vacuum aspiration pump (Karl Storz, Tuttlingen, Germany).  

To recover each cumulus-oocyte complex (COC), follicles were aspirated with repeated 

curetting and flushing with warm (39°C) modified morpholinopropanesulphonic acid (MOPS) 

saline pH 7.4 [0.9% v/v NaCl, 2.5 mM MOPS, 5.56 mM D-glucose, 1 mM sodium pyruvate, 

1.8 mM CaCl2, 0.98 mM MgCl2, 5.36 mM KCl, 133.1 IU penicillin G, 250.5 IU streptomycin, 

150 IU Heparin, 0.5% (w/v) Phenol red and 1% (v/v) BSA (ICP Bio, New Zealand)].  For both 

naturally conceived and cloned females, cumulus cells were stripped from the recovered COC 

by manual pipetting following brief exposure to 1 mg/ml hyaluronidase (Sigma-Aldrich, 

Australia).  For naturally conceived females, oocytes were pooled before being snap frozen, 

and for cloned females individual oocytes were snap frozen. All oocyte samples were stored at 

-80°C until required for analysis. 

 

3.4.4   DNA extraction 

 

Total DNA was isolated from individual oocytes, blood, liver and muscle tissue using the 

MasterPure Complete DNA and RNA Purification Kit (Epicentre Biotechnologies, Madison, 

USA), according to the manufacturer's instructions.  The amount of DNA isolated from 

individual oocytes was too low to permit an accurate quantity assessment.  The concentration 

of DNA isolated from blood, liver and muscle tissue was determined using a NanoDrop ND-

1000 UV-Vis spectrophotometer (NanoDrop Technologies; Thermo Scientific, New Zealand). 
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3.4.5   mtDNA deletion and mtDNA heteroplasmy analyses 

 

A total of 62 oocytes were allocated to long-range PCR for mtDNA deletion analysis to assess 

the potential effects of ovarian ageing and stimulation on mtDNA deletions.  These oocytes 

came from four young clones (n = 29 oocytes) and five old clones (n = 33 oocytes) and where 

possible, oocyte numbers were balanced between old and young for the different levels of 

ovarian stimulation.  Oocytes were collected following natural cycles (n = 9 oocytes), mild 

ovarian stimulation (n = 26) and standard ovarian stimulation (n = 27 oocytes). Blood, liver 

and muscle tissue from each clone also underwent mtDNA deletion analysis, in order to assess 

multiple tissue references for each animal.  Additionally, a total of 107 antral oocytes (>10 

mm) were subjected to mtDNA deletion analysis and were collected from the ten naturally 

conceived females aged between 4 and 13.5 years.  This validated the mtDNA deletion 

methodology and confirmed the presence of mtDNA deletions in oocytes collected from a 

heterogeneous cohort of naturally conceived females, across a wide age range.  These oocytes 

underwent mtDNA deletion analysis for each animal, in which an average of 11 oocytes were 

pooled prior to analysis and assessed for each naturally conceived female.  A total of 24 oocytes 

from cloned cows were allocated to both long-range PCR and NGS for a paralleled mtDNA 

deletion and heteroplasmy analysis.  These oocytes were collected from two young clones and 

two old clones, with each animal contributing one oocyte from a natural cycle, two oocytes 

from mild stimulation and three oocytes from standard ovarian stimulation, representing a 

balanced group with which to study mtDNA heteroplasmy.  While the clones had identical 

nuclear genetics, the SCNT procedure used to create the clones resulted in each clone inheriting 

the mitochondrial genome from the oocyte used from each donor cow, and therefore subtle 

mtDNA variants were expected to exist between the different clones.  To account for 

differences between clones, and also unique differences that exist within each animal compared 

with the published Bos taurus reference sequence, a genomic DNA reference from blood was 

used for each clone as an internal reference for mtDNA heteroplasmy and mtDNA deletion 

analysis. 
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3.4.6   Long-range PCR 

 

A 15 kb PCR product, encompassing the entire mitochondrial genome excluding the D-loop, 

was used for NGS and mtDNA deletion analysis in oocytes, blood, liver and muscle samples. 

The long-range PCR was performed as a two-step nested protocol using two primer sets that 

are located at positions bMT551 to bMT15334 and bMT660 to bMT15171 of the bovine 

mitochondrial genome (Supplementary Table 7.1). The long-range PCR reactions were 

performed using the PrimeSTAR GXL DNA polymerase system (Clontech, USA).  A 25 µl 

PCR reaction was performed according to the manufacturer's instructions, with 2 µl of purified 

DNA being used as a template for the first round of PCR.  PCR cycling conditions were; initial 

denaturation for 1 min at 94°C, followed by 39 cycles of denaturation for 10 s at 98°C and 

extension for 10 min at 68°C, with a final extension of 72°C for 12 min (Verity, Applied 

Biosystems, New Zealand).  The primary PCR product was diluted 1:40, and 1 µl was used as 

a template for a second round of PCR using a 50 µl reaction and the same conditions as above.  

Negative controls with H2O added to the reaction in the place of DNA were included, and 

showed no evidence of amplification.  Following both the first and second round of PCR, the 

PCR product was separated on a 0.7% agarose containing ethidium bromide and viewed under 

UV light.  Deletion analysis was performed following the second round of PCR in which the 

PCR product was abundant.  The intact 15 kb PCR product was extracted from the agarose gel 

using the innuPREP Gel Extraction Kit (Analytikjena, Germany), and quantified using the 

Qubit dsDNA HS assay kit (Life Technologies, New Zealand) according to the manufacturer's 

instructions, prior to library preparation. 

 

3.4.7   mtDNA heteroplasmy threshold detection 

 

To determine the detection threshold for mtDNA heteroplasmy analysis, mixtures of the Bos 

taurus (AF492351.1) and Bos indicus (AF492350.1) mitochondrial genome, which have 217 

sequence differences between them, were generated at 1, 2, 5, 15 and 50% ratios. These 

mixtures were representative of the Bos taurus mitochondrial genome relative to the Bos 

indicus mitochondrial genome. These mixtures were generated as follows; the entire 

mitochondrial genome was amplified in four overlapping fragments of 4 kb in length, using 
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TaKaRa LA Taq DNA Polymerase (Clontech, USA) according to the manufacturer's 

instructions.  The primer pairs for each overlapping fragment, along with nested primers for 

each fragment are shown in Supplementary Table 7.1.  PCR cycling conditions were; initial 

denaturation for 1 min at 94°C, followed by 38 cycles of denaturation for 10 s at 98°C and 

extension for 5 min at 60°C, with a final extension of 72°C for 10 min (Verity, Applied 

Biosystems).  The PCR products were separated on a 0.7% agarose gel containing ethidium 

bromide, viewed under UV light and extracted using the QIAquick Gel Extraction Kit (Qiagen, 

Netherlands).  In order to create a pure population of mtDNA, each fragment was cloned into 

the pGEM-T vector (Promega, USA) and transformed into TOP10 Chemically Competent E. 

coli (Invitrogen, New Zealand) using the manufacturers protocol.  Plasmids were extracted 

using the Plasmid Midi Kit (Qiagen, Netherlands) and quantified using the Qubit dsDNA HS 

assay kit (Life Technologies).  Each of the plasmid samples harbouring the pure Bos taurus 

and Bos indicus mtDNA fragments were mixed at 1, 2, 5, 15 and 50% ratios. Each of the four 

fragments from the same mixed ratio was pooled at equal molarity prior to library preparation. 

 

3.4.8   Library preparation and next-generation sequencing 

 

Libraries were prepared from 2.0 µg of PCR product using the TruSeq DNA library preparation 

kit (Illumina, USA).  Barcoded adapters (Illumina) were ligated onto each end of the fragments 

according to the manufacturer's instructions.  Adaptor-ligated products were then size selected 

(400 bp) by gel purification and amplified to obtain DNA libraries.  The libraries for the 1, 2, 

5, 15 and 50% Bos taurus/Bos indicus mtDNA mixtures were pooled by equal molarity and 

sequenced using the MiSeq 2X 250 base PE platform (Illumina).  The libraries from the oocytes 

and genomic DNA reference samples from blood were pooled by equal molarity and sequenced 

using the same methodology as that used in the validation experiment. 

 

3.4.9   Next-generation sequencing analysis  

 

Next-generation sequencing (NGS) was performed by New Zealand Genomics Limited 

(NZGL; Dunedin, New Zealand) in conjunction with Massey Genome Services (Palmerston 
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North, New Zealand), on an Illumina MiSeq platform.  Reads that failed to pass the Dynamic 

Trim filter set at the P= 0.01 quality level, and those under 65 bp determined using LengthSort 

from SolexaQA++ were removed from the analysis (Cox et al. 2010).  For the validation 

experiments, reads for the 1, 2, 5, 15 and 50% Bos taurus/Bos indicus mtDNA mixtures were 

aligned to the Bos taurus reference sequence (AF492351.1).  For the oocyte samples, reads 

were aligned to a genomic DNA reference sequence from blood for each animal.  Briefly, de 

novo assembly of genomic DNA reference sequences were performed, and those assemblies 

with a K value of 55, at quality P= 0.01 and sub-sampling level of 10%, were used for 

alignment.  These genomic DNA reference sequences were realigned to the Bos taurus 

reference using the Geneious Multiple Align Algorithm (http://www.geneious.com, Kearse et 

al. 2012).  The aligned BAM files underwent variant detection using the Genome Analysis 

Toolkit (GATK) (McKenna et al. 2010) and VarScan (Koboldt et al. 2009).  The variant 

detection for the oocyte samples was performed using a minimum 2% frequency, as determined 

by the mixed ratio validation experiment.  Bos indicus mtDNA haplotypes are present in the 

New Zealand population of European cattle (Bos taurus) and this phenomenon was previously 

confirmed for these bovine clones (Steinborn et al. 2002).  Therefore, known variants between 

Bos taurus and Bos indicus mtDNA were excluded prior to oocyte variant analysis.  A 

schematic diagram of the overall experimental design of the current study is shown in Figure 

3.1. 
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Figure 3-1: Schematic diagram of overall experimental design.  

A young (3 years of age; n = 4) and old (10 years of age; n = 5) cohort of bovine clones 

underwent natural ovarian cycles, mild ovarian and standard ovarian stimulation cycles.  

Individual oocytes underwent mitochondrial DNA (mtDNA) deletion analysis with respect to 

ovarian ageing and ovarian stimulation.  A novel method for quantifying mtDNA heteroplasmy 

in individual oocytes was validated, in which artificial heteroplasmy was created at various 

frequencies and subjected to next-generation sequencing (NGS) in order to determine a 

detection threshold.  Individual oocytes were analysed by NGS in order to determine mtDNA 

heteroplasmy levels in relation to ovarian ageing and ovarian stimulation. 
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3.4.10   Statistical analyses 

 

COC recovery rates and follicle diameters were compared between old and young clone 

females using the Mann-Whitney test.  A one way analysis of variance Kruskal-Wallis test and 

Dunn's multiple comparison tests was undertaken to investigate differences in COC recovery 

rates and follicle diameters between natural, mild and standard stimulation regimens.  The 

number of follicles per female was analysed for the effects of maternal age and ovarian 

stimulation regimen, with regimen replicate as a random factor included in the model.  All 

analyses were run using the Proc Mixed procedure of SAS software version 9.1 (SAS Institute, 

USA).  For the validation experiment, sensitivity was calculated as a measure of the proportion 

of variants that were correctly identified for the Bos taurus/Bos indicus mtDNA mixtures.  The 

percentage of oocytes exhibiting mtDNA deletions or heteroplasmies was calculated.  Binary 

logistic regression was used to analyse the relationship between ageing and ovarian stimulation 

for the presence of mtDNA heteroplasmy in individual oocytes, as well as for the presence of 

mtDNA deletions in individual oocytes, blood, liver and muscle samples.  Binary logistic 

regression was performed on the IBM SPSS statistics version 22 statistics package (IBM, 

USA).  Each follicle was treated as an independent observation due to the experimental design 

reducing genetic and environmental variability. Statistical significance was taken as P < 0.05. 
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   Results 

 

3.5.1   Ovarian stimulation regimen and oocyte recovery outcomes 

 

For the four young and five old female clones 100% of the natural cycles, 83% of the mild 

ovarian stimulation and 72% of the standard ovarian stimulation cycles were sampled. Reasons 

for cycle cancellation were poor response to stimulation or early ovulation.  The overall 

successful COC recovery rate was 61%, with no difference with respect to female age or the 

natural/stimulated cycle type sampled (P > 0.05).  As expected, the number of follicles (mean 

± SEM) increased with increasing stimulation dose (1.00 ± 0.00 for natural cycle, 5.36 ± 0.65 

for mild and 9.31 ± 0.85 for standard stimulations, P = 0.004).  The mean follicle diameter 

(mean ± SEM) was largest in the natural cycles (16.8 ± 0.4 mm), compared with both mild 

(14.0 ± 0.2 mm) and standard stimulation (13.9 ± 0.1 mm) regimens (P < 0.0001), but was not 

affected by maternal age (P > 0.1).  The number of oocytes (mean ± SEM) recovered for 

analysis per female per sampling was 0.6 ± 0.1 for a natural cycle, 1.9 ± 0.4 for the mild and 

3.4 ± 0.2 for a standard ovarian stimulation cycle. 

 

3.5.2   mtDNA deletion analysis 

 

The deletion analysis for oocytes was performed by long-range PCR which amplified a 15 kb 

fragment of mtDNA.  Of the oocytes collected from 10 naturally conceived females, 

representing a heterogeneous cohort across a wide age range (n = 107 oocytes), 80% of the 

animals showed the presence of mtDNA deletions in their pooled oocyte samples.  The deletion 

analysis revealed a 15 kb band in addition to bands with lengths ranging from 2.2 to 5.0 kb 

representing deleted mtDNA.  This analysis validated the long-range PCR methodology used 

in the current study and confirmed the presence of mtDNA deletions in oocytes from a 

heterogeneous cohort of naturally conceived females. 

For each female clone mtDNA deletion analysis was performed for oocytes, blood, liver and 

muscle.  The presence or absence of mtDNA deletions was determined, with the intact 15 kb 

band being detected in addition to bands with lengths ranging from 0.65 to 9.0 kb representing 
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deleted mtDNA.  The frequency of deletions was different across the tissue types, with this 

trend being apparent following analysis within the same animal (shown in Figure 3.2).  Unlike 

in humans, no ‘common’ deletion was apparent (Chan et al. 2005).  As such, the exact 

percentage of deleted compared to intact mtDNA for a given sample was not quantified, due 

to numerous different deletions being detected, even within the same sample. In total, 48% of 

individual oocytes showed at least one deletion (n = 62).  For the reference tissue, 22% of the 

clones showed at least one deletion in their blood sample, 89% in their liver and 100% in their 

muscle (n = 9 clones).  There was a statistically significant difference between the frequency 

of mtDNA deletions and tissue type (oocytes, blood, liver and muscle) (P = 0.001).  Of the 

tissue samples that contained deletions, 67% had one deletion, 27% had two deletions and 6% 

had multiple deletions.  Across all tissue types, older clones had a significantly higher number 

of deletions compared with the young clones (P = 0.02).  This was particularly apparent for 

mtDNA deletions in oocytes, as 35% of oocytes from young clones had deletions (n = 29 

oocytes) compared with 61% of oocytes from old clones (n = 33 oocytes, P = 0.04) (Table 3.1).  

Although only 22% of oocytes from a natural ovarian cycle (n = 9 oocytes) showed deletions, 

compared with 62 and 44% from mild (n = 26 oocytes) and standard ovarian stimulation (n = 

27 oocytes) respectively, there was no significant difference with respect to ovarian stimulation 

regimen (P > 0.05) (Table 3.1). 
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Figure 3-2: Representative gel electrophoresis image of mitochondrial deletions present 

in bovine clones. 

Representative gel electrophoresis image of mitochondrial deletions present in bovine clones. 

Mitochondrial deletion analysis was performed following long-range PCR of a 15 kb fragment 

of the mitochondrial DNA (mtDNA).  This representative image demonstrates the 

mitochondrial deletion analysis performed for one clone from five oocytes across a natural 

cycle, mild ovarian stimulation and standard ovarian stimulation, as well as blood, liver and 

muscle tissue.  Multiple bands with lengths ranging from 0.85 to 4.0 kb are observed, with 

deletions being apparent in four out of the six oocytes across the different levels of ovarian 

stimulation.  Mitochondrial deletions are absent in blood, faint deletions are present in liver, 

and a single deletion is present in muscle. 
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Table 3-1: Univariate binary logistic regression of the presence of mitochondrial DNA 

deletions in oocytes (n = 62) on age of bovine clones (young n = 4 and old n = 5) and 

ovarian stimulation level (natural, mild or standard). 

 

Condition tested β 95% CI lower  95% CI upper P-values 

     
Age  0.342 0.121 0.964 0.042* 

     
Standard ovarian stimulation (reference category) 

   

0.128 

Mild ovarian stimulation 2.000 0.669 5.982 0.215 

Natural ovarian cycle  0.357 0.062 2.045 0.248 

*P < 0.05; CI, confidence interval. 
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3.5.3   Heteroplasmy threshold detection 

 

The average sequence coverage in the validation experiment using the Bos taurus/Bos indicus 

mixed ratio samples was 14 000 X, however the coverage was not uniform between the four 

mtDNA fragments, as they showed two highly represented regions at 500-4600 bp and 8800-

13 000 bp of the bovine mitochondrial genome (AF492351.1).  This bias confirmed that the 

optimal methodology for subsequently sequencing the oocyte mtDNA was to use a single 15 

kb PCR product spanning the complete mitochondrial genome (excluding the D-loop).  While 

this option was deemed technically unfeasible for the validation experiment due to the 

difficulties associated with cloning a 15 kb large insert, it did confirm that high quality 

sequencing data could be obtained from the use of a single PCR product in the current study. 

Of the 217 substitutions present between Bos taurus and Bos indicus, 100% were detected at 

the 50, 15 and 5% mixed ratios, 97% were detected at the 2% mixed ratio, and 81% were 

detected at the 1% mixed ratio (Figure 3.3).  Together, these observations suggest that the NGS 

methodology used in the current study has a high sensitivity (97–100%) down to the 2% 

heteroplasmy level, and this was deemed an accurate threshold for analysing oocyte mtDNA 

heteroplasmy.  While the majority of the substitutions were detected at the 1% level, the 

sensitivity at this level was too low (81%) to permit an accurate mtDNA heteroplasmy analysis, 

therefore the 2% level was selected for mtDNA heteroplasmy analysis.
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Figure 3-3: Detected and theoretical mtDNA heteroplasmy levels (%) for the 217 

substitutions between Bos taurus and Bos indicus. 

To determine the detection threshold for mtDNA heteroplasmy, mixtures of the Bos taurus and 

Bos indicus mtDNA were generated at 1, 2, 5, 15 and 50% ratios.  Bos taurus and Bos indicus 

mtDNA have 217 substitutions between them, shown on the X axis.  The detected heteroplasmy 

level for each substitution at each different ratio is represented by the spots, and the theoretical 

mtDNA heteroplasmy levels (1, 2, 5, 15 and 50%) are represented by the lines.  

 

3.5.4   mtDNA heteroplasmy analysis 

 

The mitochondrial genomes from a total of 24 oocytes (6 oocytes per female, n = 4 females), 

as well as 4 genomic DNA reference samples from blood underwent successful NGS, 

supporting the use of this methodology for obtaining high quality sequencing data for single 

oocytes limited by low DNA template.  Following de novo assembly of the mitochondrial 

genome of the internal genomic DNA reference sequence from blood for each animal, mtDNA 

variant analysis was performed for individual oocytes.  As expected, known variants between 

Bos taurus and Bos indicus mtDNA were detected across individual oocytes, and these were 

excluded from further analysis.  Compared with the genomic DNA references from blood, a 

total of 32 variants were detected across the individual oocytes, ranging from a heteroplasmy 

level of 2 to 37%.  Of these variants, 17 variants were present at a low heteroplasmy level 

(average of 4%) in two or more oocytes from the same animal, suggesting that they represented 

oocyte tissue specific heteroplasmy compared with the blood, or were also present at very low 

levels in the blood and were therefore a germ line heteroplasmy of the individual animal.  The 

remaining 15 variants were detected at variable heteroplasmy levels and detected in a single 

oocyte from each animal, and thus were deemed to represent mtDNA heteroplasmies exclusive 

to individual oocytes (Table 3.2).  These variants were detected at a heteroplasmy level ranging 

from 2 to 37%, with an average heteroplasmy level of 14% and specific nucleotide changes 

shown (Table 3.2).  The bMT-RNR1 and bMT-ND5 genes showed the highest number of 

mtDNA heteroplasmic variants, with three variants detected for each gene and an average 

heteroplasmy level of 5% for bMT-RNR1 (an rRNA that plays a role in mitochondrial protein 

translation), and 15% for bMT-ND5 (a mitochondrial gene which encodes for a subunit of 

Complex I in the respiratory chain).  These 15 variants were however confined across only two 

oocytes, with one oocyte being from a young clone following a standard ovarian stimulation, 



111 

 

contributing five variants, and the other being from an old clone following a natural ovarian 

cycle, contributing 11 variants. Given that no other mtDNA variants were detected in any other 

oocytes, the current study found no evidence in the cohort analysed that there was a relationship 

between mtDNA heteroplasmy levels and either ovarian ageing or ovarian stimulation in this 

bovine model (P > 0.05). 
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Table 3-2: Mitochondrial DNA mutations identified in bovine oocytes. 

Gene name(s) Gene symbol Nucleotide change Heteroplasmy level (%) 

mitochondrially encoded 12S RNA bMT-RNR1 m.791C>A 2.82 

mitochondrially encoded 12S RNA bMT-RNR1 m.865G>A 9.06 

mitochondrially encoded 12S RNA bMT-RNR1 m.942T>C 2.65 

mitochondrially encoded 16S RNA bMT-RNR2 m.2254G>A 15.33 

mitochondrially encoded NADH dehydrogenase 1 bMT-ND1 m.2943G>A 11.14 

mitochondrially encoded NADH dehydrogenase 2 bMT-ND2 m.4266G>A 23.48 

mitochondrially encoded cytochrome c oxidase I bMT-COI m.5346C>T 11.92 

mitochondrially encoded ATP synthase 8 bMT-ATP8 m.7903T>C 2.34 

mitochondrially encoded ATP synthase 6 bMT-ATP6 m.8625C>T 2.51 

mitochondrially encoded cytochrome c oxidase III bMT-COIII m.9009C>T 23.55 

mitochondrially encoded NADH dehydrogenase 4 bMT-ND4 m.10382G>A 22.52 

mitochondrially encoded NADH dehydrogenase 5 bMT-ND5 m.11875T>C 2.76, 9.47 

mitochondrially encoded NADH dehydrogenase 5 bMT-ND5 m.12001T>C 11.85 

mitochondrially encoded NADH dehydrogenase 5 bMT-ND5 m.13012T>C 36.87 

mitochondrially encoded cytochrome b bMT-CYB m.14723T>C 15.28 
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   Discussion 

 

The current study used a novel bovine model to study the frequency of mtDNA deletions and 

heteroplasmy from young and old clones, at three levels of ovarian stimulation (natural, mild 

and standard) based on that used for human ART.  The methodology for detecting the mtDNA 

deletions by long-range PCR was validated in a heterogeneous population of naturally 

conceived females across a wide age range.  Data from the current study show that mtDNA 

deletions could be detected in 48% of the oocytes from clones, with oocytes from old clones 

showing higher numbers of deletions (61%) compared with young clones (35%).  This finding 

suggests that oocytes collected from bovine clones have increased rates of mtDNA deletions 

following ovarian ageing.  By necessity, the majority of oocytes were collected following 

stimulated cycles.  Higher deletion levels were detected in oocytes from mild and standard 

ovarian stimulation (62 and 44% respectively) compared with those from a natural cycle (22%).  

However the difference was not statistically significant, most likely due to the small sample 

size of the natural cycle oocytes.  It has previously been suggested that the presence of the 

‘common’ deletion was more frequent in oocytes following ovarian stimulation, compared with 

immature or unstimulated oocytes in the rhesus macaque, which may support this finding 

(Gibson et al. 2005). 

A limited number of studies have assessed the presence of mtDNA deletions in oocytes. 

Previous human studies have demonstrated that 51-66% of oocytes that are either immature or 

fail to fertilize exhibit mtDNA deletions (Barritt et al.1999, Hsieh et al. 2002).  Multiple 

rearrangements have been detected, however the 4977 bp ‘common’ deletion appears to be the 

most frequently detected (Barritt et al. 1999, Hsieh et al. 2002).  In support of these previous 

findings, the current study reports a similar frequency of oocytes exhibiting mtDNA deletions 

(48%).  Previous studies have also identified that 32-35% of Day 3 embryos that arrest or are 

abnormal show mtDNA deletions, but there is no comparison available for normally 

developing embryos (Barritt et al. 1999, Hsieh et al. 2002).  The apparent decrease in the level 

of deletions from the oocyte to the Day 3 embryo could suggest that mtDNA deletions may 

become selected against, possibly by a purifying selection mechanism (Stewart et al. 2008).  In 

terms of live born children, increasing age of the maternal grandmother does not seem to 

influence the presence of mtDNA deletions (Elson et al. 2010).  A strength of the current study 

was the assessment of the mtDNA deletion frequency of endogenous reference tissues within 
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each clone, enabling oocyte deletion levels to be compared to post-mitotic tissue (muscle), and 

regenerative tissues (blood and liver) within females.  Interestingly, all clones showed at least 

one deletion in their muscle, regardless of age.  Given that mtDNA deletions were detected at 

a lower frequency in oocytes, this may provide evidence that the oocyte mtDNA may be 

partially protected from accumulating mtDNA deletions by remaining in a metabolically 

quiescent state during maturation in the ovary (Coticchio et al. 2015), compared to muscle 

which has a high metabolic activity, or alternatively oocytes may undergo purifying selection 

to reduce the presence of deletions. 

Double the number of mtDNA deletions in oocytes from old clones, compared with young 

clones, suggests that ageing may affect the frequency of these deletions.  Human and mice 

studies have identified that the percentage of deleted mtDNA increases following ageing in a 

variety of tissues, especially those with high energy demands and in post-mitotic tissues, such 

as muscle (Bua et al. 2006, Kazachkova et al. 2013).  However, for oocytes, studies in humans 

are conflicting as to whether the presence of the mtDNA deletions increases with age, and may 

be biased due to the use of low quality oocytes and embryos (Barritt et al. 1999, Chan et al. 

2005, Hsieh et al. 2002).  In the current study, multiple oocytes from each clone were assessed 

following ovarian stimulation, allowing for an assessment of oocytes with differing 

developmental potential, rather than the sampling of exclusively poor quality oocytes.  This 

along with the study of a genetically homogenous cohort may explain why the current study 

found an age-related increase in the number of oocytes showing mtDNA deletions, in contrast 

to previous human studies (Barritt et al. 1999, Hsieh et al. 2002). 

The current study validated a novel methodology for accurately quantifying mtDNA 

heteroplasmy in individual oocytes by generating artificial heteroplasmy at various frequencies 

prior to NGS analysis to determine a detection threshold.  It was established that mtDNA 

heteroplasmy could accurately be detected at the 2% level.  A previous study employed an 

alternative NGS platform using artificial heteroplasmy created at different ratios from two 

human subjects, however unlike the current study, the mtDNA fragments were not cloned prior 

to assessment, meaning that a pure population may not have been obtained, and a lower number 

of variant positions were assessed (Tang and Huang 2010).  The current study also used an 

internal genomic DNA reference sequence from blood for each clone, strengthening this 

methodology.  To the best of our knowledge, the current study is one of the first studies to 

perform a validated mtDNA heteroplasmy analysis on individual oocytes using NGS. 
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The current study identified that half of the heteroplasmic mtDNA oocyte variants were present 

in only one oocyte per animal, suggesting that these were not low-level germ line 

heteroplasmies, and were present at an average heteroplasmy level of 14%.  These particular 

variants were confined across only two of the 24 oocytes studied.  These two oocytes may have 

exhibited a lower developmental potential but this could not be determined from the current 

study.  Given these results, the current study found no evidence that the oocytes from these 

bovine clones accumulated mtDNA point mutations, nor evidence that the levels of mtDNA 

heteroplasmy increase following either ageing or ovarian stimulation.  It has been suggested 

however that some tissues preferentially accumulate mtDNA point mutations and others 

deletions with age, but the underlying mechanism is poorly understood, although it may relate 

to the mitotic activity of the tissue (Larsson 2010). 

It is plausible that the oocyte, despite being arrested in the ovary for up to 50 years, may remain 

in a protected quiescent state, accumulating limited mtDNA heteroplasmic mutations, but 

further studies are needed to assess this hypothesis.  Mitochondria in oocytes contain few 

cristae, and show reduced oxygen consumption, supporting this theory (Trimarchi et al. 2000, 

Van Blerkom. 2011).  Secondly, replication of mtDNA and clonal expansion of mutated 

mtDNA is not linked to the cell cycle and can occur in the absence of cell division (Larsson 

2010) introducing the possibility that this could occur in the oocyte during its arrest, however 

on the basis of this study there is little evidence for this in terms of point mutations.  The 

mtDNA does play an important role in pre-implantation development however, and recent 

reports suggest that elevated levels of mtDNA at the blastocyst stage are associated with 

aneuploidy and decreased implantation potential for euploid human embryos (Diez-Juan et al. 

2015, Fragouli et al. 2015).  These findings suggest that there is strict control of mitochondrial 

biogenesis, and having the correct number of functionally correct genomes may be an 

important factor that determines implantation success.  However, more studies are required to 

fully characterize the mitochondrial genome in terms of abundance, heteroplasmy levels and 

deletions throughout oocyte and embryo development in order to understand the segregation 

patterns of mtDNA within the embryo and its role in normal embryo development and quality.  

While one study found that mtDNA heteroplasmy did not appear to be related to mtDNA 

abundance in trophectoderm samples from 23 human blastocysts (Fragouli et al. 2015), the 

sequencing coverage was low (150 X), which would not have permitted an in-depth mtDNA 

heteroplasmy analysis comparable to that used in the current study.  Additionally, a study using 

a Sanger sequencing approach found that disease associated mtDNA mutations were correlated 
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with a low fertilization rate in oocytes and poor quality embryos; however the methodology 

used only permitted assessment of the presence or absence of the mtDNA mutation and did not 

allow for an accurate quantification of heteroplasmy levels (Shamsi et al. 2013).  While the 

current study determined that mtDNA heteroplasmies were generally low in this cohort of 

bovine oocytes, it will be important for future studies to assess mtDNA heteroplasmy, mtDNA 

deletions and mtDNA abundance in the developing oocyte and pre-implantation embryo, and 

relate this to implantation success in the context of ovarian ageing and ovarian stimulation. 

In conclusion, this novel model was developed to overcome the fact that it would be unethical 

for human studies to assess the effects of ageing and ovarian stimulation on the mitochondrial 

genome because by necessity the oocytes would need to be destroyed.  The current findings 

show that ovarian ageing increased the number of oocytes exhibiting mtDNA deletions. Unlike 

previous human studies analysing mtDNA deletions in non-viable oocytes and Day 3 embryos, 

cloned cows representing a homogenous population with reduced nuclear genetic and 

environmental variability each had a complete cohort of oocytes assessed with a range of 

developmental competencies.  Additionally, unlike other studies, mtDNA deletions in oocytes 

were verified by comparison with blood, liver and muscle tissue for the same female, 

strengthening the analysis.  Previous results from the same cohort of clones show age-related 

changes in the expression levels of key mitochondrial genes in the ovarian follicle (Cree et al. 

2015).  Together, these results suggest that there are some age-related mitochondrial changes 

in the ovarian follicle, additional to or concomitant with the known increase in aneuploidy. 

While there were a justifiably low number of animals, this novel model minimized the genetic 

and environmental variability that is endemic of human studies.  A further reduction in 

variability was obtained through all animals undergoing natural, mild and standard ovarian 

stimulation.  This large animal model has the advantage of oocytes being obtained from a 

mono-ovular species with endocrinology and follicle dynamics that are similar to the human. 

The ovarian stimulation used in the study is autologous to that used in fertility clinics for IUI 

and IVF.  The animal model allowed the entire heterogeneous cohort of oocytes to be 

examined, avoiding the analysis of an abnormal subset of oocytes, which is characteristic of 

human studies.  A limitation of this animal model was the inherently low number of oocytes 

collected from natural ovarian cycles, meaning that a comparison between a natural ovarian 

cycle and ovarian stimulation was underpowered.  Further research is needed to determine what 

constitutes effective stimulation, especially in the context of consecutive cycles of natural or 

mild stimulation and freezing all embryos for later use.  In order to further study the 
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mitochondrial genome in human oocytes, future studies could make use of oocytes that have 

been cryopreserved and discarded due to lysing, or surplus cryopreserved oocytes obtained 

from donors.  The methodologies performed in the current study importantly provide an 

accurate way to identify and quantify mtDNA heteroplasmies in individual oocytes, and this 

methodology could be confidently applied to future studies investigating mtDNA heteroplasmy 

in oocytes and embryos. 
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   Afterword 

 

This chapter characterises the integrity of the mitochondrial genome of oocytes in a novel 

bovine model of IVF.  The levels of mtDNA deletions detected appeared to increase after 

ovarian ageing.  Conversely, low levels of mtDNA heteroplasmy were detected across the 

oocytes. This suggests that mitochondrial point mutations do not appear to accumulate in 

oocytes in the ageing or stimulated ovary.  This research was presented at the Ovarian Club VI 

Meeting in November 2015, Spain, which had a focus on oocyte and pre-implantation embryo 

metabolism.  The data was well received by peers and contributed to the emerging body of 

research into the mitochondria of oocytes and pre-implantation embryos.   

Since this paper was published, there have been no further studies that have used NGS to 

quantitate mtDNA heteroplasmy in individual oocytes.  This remains the first report of such an 

investigation.  The current study has provided a valuable foundation for future studies to assess 

the integrity of the mitochondrial genome in oocytes and pre-implantation embryos.  During 

this study, a NGS methodology was validated to accurately quantify mtDNA heteroplasmy 

down to a low frequency, and overcome the limited amount of genetic material that is available 

from single oocytes.  In addition, the occurrence of mtDNA deletions was assessed in parallel.  

Together, these two techniques can reliably characterise the integrity of the mitochondrial 

genome for individual oocytes or cells of the pre-implantation embryo. 

NGS is revolutionising all aspects of genetic research, not just in the field of IVF.  NGS has 

the ability to generate vast amounts of data, and the cost of such technologies are rapidly 

declining (Shapiro et al. 2013).  A number of recent studies have validated the clinical use of 

NGS as a method of comprehensive genetic analysis for cells of the embryo during PGS and 

PGD (Fiorentino et al. 2014, Huang et al. 2016, Wells et al. 2014).  It is quickly becoming an 

attractive alternative to other genetic platforms because it offers higher throughput, better 

resolution and the potential for reduced cost (Gardner et al. 2015).  As well as generating 

information about the nuclear genome, the sequence of the mitochondrial genome is uncovered 

following NGS analysis.  Compared to the nuclear genome, the mtDNA is sequenced at a 

greater depth.  This enables high quality sequencing data to be obtained for the mitochondrial 

genome of individual embryos (Wells et al. 2014).  
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Mitochondrial genome sequencing data obtained during NGS has sparked significant interest 

into oocyte and embryo mtDNA and its relation to developmental competence.  There is 

preliminary evidence that mitochondrial genome abundance, measured in blastomeres and 

trophectoderm cells, may be an independent predictor of implantation in chromosomally 

normal embryos (Diez-Juan et al. 2015, Fragouli et al. 2015, Tan et al. 2014).  The mtDNA 

may therefore represent a novel candidate biomarker of embryo viability.   If proven to show a 

strong predictive ability, the mtDNA may represent a further genetic determinant of embryo 

viability, in addition to, or concomitant with aneuploidy.  There are currently two registered 

clinical trials that are recruiting patients to assess the clinical effectiveness of mitochondrial 

abundance scores.  These two registered trails are 1) Prospective Paired Study on the 

Effectiveness of MitoGrade and 2) Study for the Evaluation of "MitoScore" Marker in the 

Diagnosis of Embryo Viability in Euploid Embryos.   

If mitochondrial abundance was shown to generate clinically relevant predictions of 

implantation, then the biological mechanisms would need to be unravelled.  Long standing 

questions will need to be addressed to fully understand the mitochondrial genome in the context 

of embryo viability.  It will be important to critically evaluate the mitochondrial segregation 

patterns occurring from the oocyte to the blastocyst stage.  In addition, it will be necessary to 

uncover the regulation of mitochondrial genome copy number and the interaction with 

chromosomal aneuploidy.  The integrity of the mitochondrial genome may also be implicated 

in embryo viability and this should undergo further elucidation in humans.   
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parameters reflect gene 
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   Foreword 

 

As the field moves towards single embryo transfer, it becomes more important to be able to 

identify the embryo that is most likely to implant. Traditionally, we have relied on 

morphological grading to select embryos (Gardner et al. 2000).  However, this method leaves 

us with a large degree of uncertainty as to which embryo will result in a healthy pregnancy.  

Further, morphological grading is performed daily during embryo culture, and although it is 

non-invasive, embryos are removed from their incubator for observation. This may cause 

fluctuations in temperature, pH and gas composition, which may create a sub-optimal 

environment and negatively impact the fragile human embryo.  A growing number of studies 

have proposed that the development of accurate, objective and non-invasive methodologies for 

embryo selection will improve IVF success, above and beyond what morphological grading 

can offer (Gardner et al. 2015).  

The search for biomarkers has been pragmatic, considering many aspects of embryo culture 

that can be targeted for non-invasive investigation.  Biological material that is associated with 

the embryo, but not extracted from the embryo, is an ideal candidate for molecular analysis. 

The cumulus cells are one such candidate and due to their close association with the oocyte, 

may provide valuable molecular information about embryo viability (Fragouli et al. 2013a, 

Gilchrist et al. 2008, Uyar et al. 2013).  Beyond the search for biomarkers within the constraints 

of traditional embryo culture, sophisticated time-lapse monitoring systems have been 

introduced to fundamentally change the way that embryos are cultured.  Time-lapse 

microscopy not only offers undisturbed embryo culture, but also the opportunity to constantly 

monitor embryos and objectively measure their developmental timings (Kirkegaard et al. 2015, 

Racowsky et al. 2015).  

In the literature, there has been a great deal of enthusiasm toward the possibility that 

transcriptomic analysis of cumulus cells and the measurement of time-lapse parameters may 

offer clues for embryo selection.  While these two independent biomarkers have been widely 

investigated for their predictive abilities, no study has investigated whether there are 

relationships between them, and if they can be combined to improve embryo selection.  
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The summary of the research presented in this chapter:  

 To describe results from a novel study designed to investigate the relationships between 

cumulus cell gene expression and time-lapse parameters, and assess whether these two 

variables can predict embryo quality on day five.  

 This study analyses the following time-lapse parameters; pronuclear breakdown, 

cleavage to 2, 3, 4 and 5 cells, and cell cycle times.  Cumulus cell expression of genes 

involved in energy metabolism, mitochondrial biogenesis, signalling, cell stress, 

cumulus cell expansion and steroidogenesis were assessed in parallel.  

 The results from the current study provide novel insight into the correlations that exist 

between time-lapse parameters and cumulus cell gene expression, and their relationship 

to embryo viability.  

The following manuscript was published in 2015 in the journal Human Reproduction, volume 

30, from page 1850 to 1860. Human Reproduction features full-length, peer-reviewed papers 

reporting original research.  In 2015 Human Reproduction had an impact factor of 4.569, with 

a 5-year impact factor of 4.729. The publication is included in its entirety.  

Contribution of the candidate: 

Elizabeth R. Hammond collected the cumulus cell samples, performed the time-lapse 

annotations, executed the experimental work and analysed the data. Following data collection, 

she interpreted the experimental findings, wrote the first draft and the produced figures and 

tables of the manuscript.  

Publishers’ approval for the inclusion of the manuscript: 

This article was originally published by Oxford University Press, Human Reproduction; 

Hammond ER, Stewart B, Peek JC, Shelling AN and Cree LM. Assessing embryo quality by 

combining non-invasive markers: early time-lapse parameters reflect gene expression in 

associated cumulus cells. 2015, 10.1093/humrep/dev121. 

http://humrep.oxfordjournals.org/content/30/8/1850.full.pdf+html 

This manuscript has a standard copy write licence. Oxford University press has given 

permission for the version of record to be included in this thesis with publication.

http://humrep.oxfordjournals.org/content/30/8/1850.full.pdf+html
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   Abstract 

 

STUDY QUESTION Are there associations between early time-lapse parameters, expression 

of candidate embryo viability genes in cumulus cells and embryo quality on Day 5? 

SUMMARY ANSWER Early time-lapse parameters correlate to the expression levels of 

candidate embryo viability genes in cumulus cells but a combined analysis including both time-

lapse and candidate gene expression did not identify significant predictors of embryo quality 

on Day 5. 

WHAT IS KNOWN ALREADY Recent evidence suggests that early time-lapse parameters 

are predictive of blastocyst development.  Similarly, a number of candidate genes in cumulus 

cells have been identified as potential markers of embryo viability.  Relationships between 

time-lapse parameters and candidate gene expression in cumulus cells have not been 

investigated, and a combined analysis of these markers has not been attempted in relation to 

embryo quality. 

STUDY DESIGN, SIZE, DURATION A total of 78 embryos obtained by ICSI from 22 

patients were studied by time-lapse and measurement of cumulus cell gene expression of 

known markers of embryo viability.  Time-lapse and cumulus cell gene expression data were 

assessed in relation to embryo quality on Day 5. 

PARTICIPANTS/MATERIALS, SETTING, METHODS All women, aged 32-40 years, 

underwent ICSI treatment for male infertility.  Embryos with annotatable time to pronuclear 

breakdown (tPNB), division to two cells (t2C), three cells (t3C), four cells (t4C) and five cells 

(t5C) were included in the study.  Expression levels of 27 candidate genes for embryo viability 

were measured in 78 associated cumulus cell masses using quantitative real-time PCR. 

MAIN RESULTS AND THE ROLE OF CHANCE Cumulus cell expression of 11 candidate 

genes involved in energy metabolism (ATPase, H+ transporting, lysosomal 70 kDa, V1 subunit 

A (ATP6V1A), NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1, 7.5 kDa 

(NDUFA1), lactate dehydrogenase A (LDHA), phosphofructokinase platelet (PFKP) and 

solute carrier family 2 member 4 (SLC2A4), mitochondrial biogenesis (DNA directed RNA 

polymerase, mitochondrial (POLRMT) and transcription factor A, mitochondrial (TFAM), 

signalling (prostaglandin-endoperoxide synthase 2), steroidogenesis (cytochrome P450, family 

11, subfamily A, polypeptide 1 (CYP11A1) and cell stress (heat shock 70 kDa protein 5 
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(HSPA5) and peroxiredoxin 3 (PRDX3)) correlated to time-lapse parameters of the developing 

embryo, largely for t3C onwards (all P < 0.05).  Expression of ATP synthase, H+ transporting, 

mitochondrial Fo complex, subunit E (ATP51), HSPA5, PFKP, PRDX3 and versican (VCAN) 

and the parameter t4C were also related to embryo quality on Day 5 (all P < 0.05).  Ordinal 

logistic regression, where gene expression and time-lapse parameters were combined, did not 

identify any significant predictors of embryo quality on Day 5. 

LIMITATIONS AND REASON FOR CAUTION Data are from a preliminary study, limited 

by a small sample size and using more than one ovarian stimulation protocol.  A possible 

limitation is that each follicle was treated as an independent observation, although a 

considerable fraction of embryos were from the same patient. 

WIDER IMPLICATIONS OF THE FINDINGS Results presented in this study suggest that 

some of the variation of time-lapse parameters may be related to cumulus cell gene expression 

and thus the ovarian microenvironment in which the oocyte developed.  Although the current 

study did not identify significant predictors of embryo quality on Day 5, investigation in a 

larger cohort may determine whether cumulus cell gene expression and time-lapse parameters 

can be combined to predict embryo quality. 

STUDY FUNDING/COMPETING INTEREST(S) Funding was provided by Fertility 

Associates Ltd, the Auckland Medical Research Foundation and the University of Auckland. 

J.C.P. has a 0.5% shareholding in Fertility Associates.  All other authors of this manuscript 

have nothing to declare and no conflict of interest that could be perceived as prejudicing the 

impartiality of the research reported. 

KEY WORDS Time-lapse, cumulus cells, gene expression, oocyte quality, blastocyst  
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   Introduction  

 

The ability to identify the embryo that is most likely to implant remains one of the most 

significant challenges of reproductive medicine.  This is particularly important in fertility 

clinics implementing a single embryo transfer (SET) policy (Sullivan et al. 2012). Grading 

systems based on morphological observations every 1-2 days have remained the primary 

method for selecting embryos to transfer from a patient's cohort of embryos (Alpha Scientists 

in Reproductive Medicine and ESHRE Special Interest Group Embryology. 2011).  While it is 

well established that morphological parameters are a major indicator of embryo quality, there 

are drawbacks associated with this traditional approach, including removing the embryos from 

a controlled environment (Nagy et al. 2003, Qian et al. 2008, Scott et al. 2007). Additionally, 

although examination of morphological parameters at the blastocyst stage of development 

offers improved embryo selection, there may be negative effects of prolonged culture on 

embryo development, such as epigenetic modifications and adverse fetal outcomes (Blake et 

al. 2007, Dumoulin et al. 2010, Katari et al. 2009, van Montfoort et al. 2012). Therefore, the 

ability to predict blastocyst development and accurately select embryos early in culture may be 

advantageous. 

There is a continuing search for novel embryo assessment strategies, especially early in culture, 

which may lead to increased pregnancy rates.  Such strategies, especially those that are less 

subjective and more quantitative in nature, could be used in addition to traditional 

morphological grading to improve embryo selection.  While pre-implantation genetic screening 

is a powerful predictor of implantation, it is invasive and expensive.  Non-invasive strategies 

of embryo selection are attractive, and among the most widely investigated strategies for 

improving embryo selection non-invasively are time-lapse photography of the developing 

embryo and gene expression in the associated cumulus cells (Fragouli et al. 2013, Kaser and 

Racowsky. 2014, Uyar et al. 2013). 

Currently, many fertility clinics are employing time-lapse monitoring systems for constant 

embryo monitoring during undisturbed culture.  Several early time-lapse parameters have been 

proposed to be predictive of development to the blastocyst stage and blastocyst quality, 

suggesting that time-lapse monitoring could eventually reduce the need for prolonged culture 

to the blastocyst stage of development (Cruz et al. 2012, Hashimoto et al. 2012, Kirkegaard et 

al. 2013, Meseguer et al. 2011, Wong et al. 2010).  However, there has been limited consensus 
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on which time-lapse parameters are the most predictive of blastocyst development, and this 

needs to be investigated further.  In terms of pregnancy rates, a recent randomised control trial 

has confirmed that the use of time-lapse parameters may increase the ongoing pregnancy rate 

by up to 10%, highlighting the ability of this type of embryo selection strategy to improve 

clinical outcomes (Rubio et al. 2014).  However, there is a need for well-designed RCTs that 

independently assess the effects of undisturbed culture and selection models on pregnancy rates 

(Kirkegaard et al. 2015). 

Transcriptomic analysis of cumulus cells could also offer a quantitative and non-invasive 

strategy for embryo selection.  Cumulus cells surround the oocyte during development and are 

pivotal in determining oocyte developmental competence.  Due to the extensive bi-directional 

signalling between the cumulus cells and the oocyte, it is thought that cumulus cells can offer 

important molecular information regarding oocyte quality (Fragouli et al. 2013, Gilchrist et al. 

2008, Uyar et al. 2013).  Therefore, cumulus cell gene expression has been studied as a marker 

of oocyte developmental competence and embryo quality.  Genes involved in metabolism, 

steroidogenesis, signalling and cumulus expansion have been investigated in relation to oocyte 

maturity, fertilization, embryo quality on Days 2 and 3, and also maternal ageing (Cillo et al. 

2007, McKenzie et al. 2004).  Several studies have shown correlations between cumulus cell 

gene expression and blastocyst development (Ekart et al. 2013, Feuerstein et al. 2007, 

Feuerstein et al. 2012, Wathlet et al. 2011, Wathlet et al. 2012). Therefore, analysing the 

expression levels of certain genes in cumulus cells may also offer an additional way to select 

embryos. 

While studies have shown time-lapse monitoring and cumulus cell gene expression may offer 

valuable information regarding embryo quality, to the best of our knowledge there have been 

no studies evaluating the relationships that exist between these two variables.  An objective of 

the current study was to establish whether the timing of early cleavage events are reflective of 

cumulus cell gene expression.  We hypothesize that due to the important role that the cumulus 

cells play in determining oocyte developmental competence, along with the extensive 

communication that occurs between the two cell types, gene expression levels in cumulus cells 

will reflect the time-lapse parameters of the developing embryo.  Specifically, in the present 

study the timing of pronuclear breakdown (PNB), cleavage to two to five cells, and cell cycle 

times were correlated to the expression levels of genes involved in energy metabolism, 

mitochondrial biogenesis, signalling, cell stress, cumulus cell expansion and steroidogenesis.  

The study also investigated whether cumulus cell gene expression and time-lapse parameters 
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related to embryo quality on Day 5, and whether a combination of the two improved the 

prediction of embryo quality.  
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   Materials and methods 

4.4.1   Ethical approval 

 

Ethical approval for this study was received in 2013 from the University of Auckland Human 

Participants Ethics Committee (reference number 9967). 

 

4.4.2   Patient selection 

 

A total of 22 sequential couples were invited to take part in this study and gave written informed 

consent.  All women underwent ICSI treatment for male infertility and their embryos were 

incubated in the Primo Vision Time-Lapse Monitoring System (Vitrolife, Göteborg, Sweden) 

at Fertility Associates Clinic, Auckland, New Zealand.  Cumulus cell gene expression was 

investigated in relation to timing of early cleavage events and embryo grade on Day 5.  The 

women were aged 32-40 years (median age of 37) at the time of oocyte collection.  The women 

had an average body mass index of 24 kg/m2, exhibited no signs of polycystic ovary syndrome 

(according to the Rotterdam criteria) or endometriosis (the latter two were exclusion criteria) 

and were, on average, on their second treatment cycle.  Women underwent ovarian stimulation 

mainly using an antagonist protocol (68%) or a microdose flare protocol (23%) and 9% 

underwent a standard long-course, all being preceded by the contraceptive pill.  An average of 

11 oocytes were collected (ranging from 5 to 28). 

 

4.4.3   Cumulus cell collection and embryology 

 

At 36 h after the administration of an ovulation trigger, the cumulus oocyte complexes were 

collected and rinsed in G-MOPS Plus media (Vitrolife).  At 38-40 h post-hCG, individual 

cumulus oocyte complexes were exposed to HYASE solution (G-MOPS Plus media and 

HYASE concentrate, Vitrolife) and manually pipetted in order to dissociate the oocyte from its 

surrounding cumulus cells.  After the denuded oocytes were transferred to their injection dish, 

cumulus cells were collected, centrifuged at 2400 g for 2 min, and washed twice with 
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phosphate-buffered saline (PBS) (Sigma-Aldrich, Auckland, New Zealand).  The cumulus cell 

pellet was resuspended in 50 µl PBS and snap frozen in liquid nitrogen.  Samples were stored 

at -80°C until RNA extraction.  Oocytes were injected using ICSI at 38-40 h post-hCG, and 

were subsequently cultured in individual 20 µl culture drops of G-IVF plus media (Vitrolife) 

under light paraffin oil (Vitrolife), at 37°C under 5% O2 and 6% CO2.  At 18 h post-injection, 

embryos were transferred to a 9 or 16 well Primo Vision embryo culture dish containing G-1 

Plus media (Vitrolife) and incubated at 37°C under 5% O2 and 6% CO2 in the Primo Vision 

Time-Lapse Monitoring System to Day 3, with images taken every 10 min in seven focal 

planes.  On Day 3, embryos were taken out of the Primo Vision monitoring system, transferred 

into 20 µl micro-drops of G-2 Plus media (Vitrolife) under light paraffin oil and cultured at 

37°C under 5% O2 and 6% CO2 to Day 5. 

 

4.4.4   Embryo quality assessment on Day 5 

 

Blastocysts were graded on Day 5 (113-115 h post-injection) according to the degree of 

expansion of the blastocoel cavity and the number and quality of cells of both the inner cell 

mass and trophectoderm using the Gardner scheme for blastocyst development (Gardner et al. 

2000).  Embryos that did not reach the blastocyst stage of development on Day 5 were graded 

as a morula (compacting embryos without a blastocoele) or arrested (embryos that had ceased 

development or showed signs of degeneration).  For analysis, embryos were grouped based on 

the protocol used in Kirkegaard et al. (2013) with adaptions for Day 5 of development and the 

addition of a group of embryos that failed to reach the blastocyst stage. Briefly, these groups 

were high-quality blastocysts (3-5, AA, AB, BA), moderate quality blastocysts (1, 2 and 3-5 

BB, BC, CB and CC) and low-quality embryos failing to reach the blastocysts stage of 

development (morula and arrested). 

 

4.4.5   Timing of early cleavage events 

 

Time-lapse images of each embryo were retrospectively analysed using the Primo Vision 

Analyser Software (Vitrolife).  Timings of early cleavage events were annotated in hours post-
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injection, but were analysed relative to pronuclear breakdown (rPNB) in order to account for 

potential variation associated with recording time of injection for individual oocytes from a 

patient cohort (Kramer et al. 2014).  Annotated events included; time to pronuclear breakdown 

(tPNB), defined as the first image where the two pronuclei are no longer visible; the first cell 

division leading to two cells (t2C); and the time to three cells (t3C), four cells (t4C) and five 

cells (t5C), with each division being defined as the time where the cell membranes are 

completely separate.  Additionally, cell cycle times were calculated, including time from two 

to three cells (t3C-2C), time from three to five cells (t5C-3C) and the synchrony of the division 

from two to four cells (t4C-3C) (Campbell et al. 2013). 

 

4.4.6   Cumulus cell RNA extraction and cDNA synthesis 

 

RNA was isolated from cumulus cells using the RNAqueous-Micro kit (Ambion, Austin, USA) 

according to the manufacturer's instructions.  Total RNA was eluted in 20 µl of elution buffer 

and subsequently treated with 1 U of DNase 1 (Ambion, Austin, TX, USA).  RNA 

concentration was too low to permit an accurate quantity assessment.  cDNA was synthesized 

using the SuperScript III First-Strand Synthesis System in conjunction with 3 µg of Random 

Primers (Invitrogen, Auckland, New Zealand). 

 

4.4.7   cDNA pre-amplification 

 

cDNA was amplified using the TaqMan PreAmp system (Applied Biosystems, Auckland, New 

Zealand).  For each sample, a 30 µl reaction consisted of 7.5 µl of cDNA, 7.5 µl of custom 

TaqMan pool (0.2 X each assay) and 15 µl TaqMan PreAmp 2X mastermix.  A no-template 

control reaction was performed for cDNA pre-amplification by substituting cDNA with 7.5 µl 

nuclease free water.  The thermal cycling conditions for cDNA pre-amplification were 

denaturation at 95°C for 10 min, followed by 14 cycles of 95°C for 15 s and 60°C for 4 min. 
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4.4.8   Quantitative real-time PCR 

 

The TaqMan array human endogenous control panel (Applied Biosystems, Auckland, NZ), 

consisting of 16 reference genes, was used to select the most stably expressed reference genes 

across four cumulus cell samples (table 4.1).  Following reference gene selection, the 

expression of 31 genes was evaluated for the cumulus cell samples using custom TaqMan array 

cards (table 4.1).  Of note, 20 TaqMan array cards were configured to analyse 31 genes in 

triplicate for 78 samples.  Each TaqMan gene expression assay had a reaction volume of 1 µl, 

consisting of a forward and a reverse primer at a concentration of 900 nM and a 6-

carboxyfluorescein (FAM) dye-labelled TaqMan MGB probe at a concentration of 250 nM. 

For each sample undergoing TaqMan array human endogenous control panel analysis, a 

reaction mix consisting of 40 µl of unamplified cDNA (100 ng), 2X TaqMan gene expression 

master mix and nuclease free water to a final volume of 100 µl was added to each reaction port.  

For each sample undergoing custom TaqMan array analysis, a reaction mix consisting of 30 µl 

of pre-amplified cDNA, 2X TaqMan gene expression master mix and nuclease free water to a 

final volume of 100 µl was added to each reaction port.  The array cards were centrifuged and 

sealed according to the manufacturer's instructions in order to fill the wells and to prevent 

cross-contamination.  The TaqMan array cards were run on the QuantStudio 12 K Flex, in 

conjunction with the QuantStudio software (Applied Biosystems, Auckland, New Zealand). 
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Table 4-1: Genes included in the endogenous control panels and custom Taqman array 

cards. 

Gene Name(s) Gene Symbol Assay ID

Endogenous control pannel 

18S ribosomal RNA 18S rRNA Hs99999901_s1

Beta actin ACTB Hs99999903_m1

Beta-2-microglobulin B2M Hs99999907_m1

Glyceraldehyde 3 phosphate dehydrogenase GAPDH Hs99999905_m1

Beta glucuronidase GUSB Hs99999908_m1

Hydromethylbilane synthase HMBS Hs00609297_m1

Hypoxanthine phosphoribosyl transferase 1 HPRT1 Hs99999909_m1

Importin 8 IPO8 Hs00183533_m1

Phosphoglycerate kinase 1 PGK1 Hs99999906_m1

Polymerase (RNA) II (DNA directed) polypeptide A, 220 kDa POLR2A Hs00172187_m1

Cyclophilin A PPIA Hs99999904_m1

Ribosomal protein, large, P0 RPLPO Hs99999902_m1

TATA-box binding protein TBP Hs99999910_m1

Transferrin receptor (p90, CD71) TFRC Hs99999911_m1

Ubiquitin C UBC Hs00824723_m1

Tyrosine 3-monooxygenase YWHAZ Hs00237047_m1

Custom Taqman array card 

Hypoxanthine phosphoribosyltransferase 1 HPRT1 Hs02800695_m1

Glucuronidase, beta GUSB Hs00939627_m1

Importin 8 IPO8 Hs00183533_m1

Glyceraldehyde 3 phosphate dehydrogenase GAPDH Hs99999905_m1

Lactate dehydrogenase A LDHA Hs01378790_g1

Phosphofructokinase, platelet PFKP Hs00242993_m1

Solute carrier family 2 (facilitated glucose transporter), member 4 SLC2A4 Hs00168966_m1

Hyaluronan synthase 2 HAS2 Hs00193435_m1

Versican VCAN Hs00171642_m1

Prostaglandin-endoperoxide synthase 2 PTGS2 Hs00153133_m1

Gremlin 1 GREM1 Hs01879841_s1

Progesterone receptor PGR Hs01556702_m1

Follicle stimulating hormone receptor FSHR Hs00174865_m1

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 1 NDUFA1 Hs00244980_m1

ATP synthase, H+ transporting, mitochondrial Fo complex, subunit E ATP5I Hs00273015_m1

Cytochrome c oxidase assembly homolog 10 COX10 Hs01093077_m1

ATPase, H+ transporting, lysosomal 70kDa, V1 subunit A ATP6V1A Hs01097169_m1

Cytochrome P450, family 11, subfamily A, polypeptide 1 CYP11A1 Hs00167984_m1

Sirtuin 1 SIRT1 Hs01009005_m1

Sirtuin 3 SIRT3 Hs00953477_m1

Heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) HSPA5 Hs00607129_gH

Peroxiredoxin 3 PRDX3 Hs00428953_g1

Thioredoxin 2 TXN2 Hs00912509_g1

Superoxide dismutase 2, mitochondrial SOD2 Hs00167309_m1

BCL2-associated X protein BAX Hs00180269_m1

B-cell CLL/lymphoma 2 BCL2 Hs00608023_m1

Peroxisome proliferator-activated receptor gamma PPARG Hs01115513_m1

Peroxisome proliferator-activated receptor gamma, coactivator 1 alpha PPARGC1A Hs01016719_m1

DNA-directed RNA polymerase, mitochondrial POLRMT Hs04187596_g1

Nuclear respiratory factor 1 NRF1 Hs00192316_m1

Transcription factor A, mitochondrial TFAM Hs01082775_m1   
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4.4.9   Cumulus cell gene expression analysis 

 

The ExpressionSuite software (Applied Biosystems, Auckland, NZ) was used to combine the 

QuantStudio files for the 20 TaqMan array cards in order to perform gene expression analysis.  

Threshold cycles were set to be the same across all samples for a given assay.  One custom 

TaqMan array gene panel was loaded with the no-template control cDNA pre-amplification 

reaction and showed no evidence of product amplification.  The mRNA expression levels of 

the 27 genes of interest were normalized to a geometric mean of four reference genes 

(hypoxanthine phosphoribosyltransferase 1-HPRT1, glucuronidase, beta-GUSB, importin 8-

IPO8 and glyceraldehyde 3 phosphate dehydrogenase-GAPDH).  All gene expression assays 

were performed in accordance with The Minimum Information for Publication of Quantitative 

Real-Time PCR Experiments guidelines (Bustin et al. 2009). Functional categories for the 

selected genes of interest in cumulus cells are shown (figure 4.1).
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Figure 4-1: Summary of selected candidate genes for embryo viability in human cumulus cells, presented in functional categories. 

Candidate genes for cumulus-oocyte communication were selected based on their roles in signalling and expansion.  Candidate genes involved in 

cumulus cell metabolism were selected based on their roles in glycolysis and oxidative phosphorylation.  Additionally, genes involved in 

mitochondrial DNA maintenance, mitochondrial oxidative stress and endoplasmic reticulum (ER) stress, apoptosis and steroid synthesis were 

selected.  Lactate dehydrogenase A (LDHA), phosphofructokinase platelet (PFKP), solute carrier family 2 member 4 (SLC2A4), hyaluronan 
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synthase 2 (HAS2), versican (VCAN), prostaglandin-endoperoxide synthase 2 (PTGS2), gremlin 1 (GREM1), progesterone receptor (PGR), 

follicle stimulating hormone receptor (FSHR), NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 1, 7.5 kDa (NDUFA1), ATP synthase, 

H+ transporting, mitochondrial Fo complex, subunit E (ATP5I), cytochrome c oxidase assembly homolog 10 (COX10), ATPase, H+ transporting, 

lysosomal 70 kDa, V1 subunit A (ATP6V1A), cytochrome P450, family 11, subfamily A, polypeptide 1 (CYP11A1), sirtuin 1 (SIRT1), sirtuin 3 

(SIRT3), heat shock 70 kDa protein 5 (HSPA5), peroxiredoxin 3 (PRDX3), thioredoxin 2 (TXN2), superoxide dismutase 2, mitochondrial (SOD2), 

BCL2-associated X protein (BAX), B-cell CLL/lymphoma 2 (BCL2), peroxisome proliferator-activated receptor gamma (PPARG), peroxisome 

proliferator-activated receptor gamma, coactivator 1 alpha (PPARGC1A), DNA-directed RNA polymerase, mitochondrial (POLRMT), nuclear 

respiratory factor 1 (NRF1) and transcription factor A, mitochondrial (TFAM).
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4.4.10   Statistical analysis 

 

Each follicle was treated as an independent observation owing to the unique environment in 

which each follicle develops and acquires its developmental potential.  For example, even 

within individual patients, follicles will be at different developmental stages and be exposed to 

different conditions, such as differences in blood supply, which may be reflected in cumulus 

cell gene expression.  A Spearman's rank correlation was used to analyse relationships between 

cumulus cell gene expression and early cleavage timings in the developing embryo (GraphPad, 

La Jolla, USA).  Cumulus cell gene expression and time-lapse parameters were analysed in 

relation to embryo quality on Day 5 using analysis of variance with Kruskal-Wallis tests and 

Dunn's multiple comparisons tests (GraphPad). Multivariable ordinal logistic regression was 

used to analyse the prediction power of cumulus cell gene expression and time-lapse 

parameters for embryo quality on Day 5.  Covariates with complete data for the full embryo 

cohort were used to construct the final model if they showed a significant association with 

embryo quality on Day 5 following univariable ordinal logistic regression (SPSS, New York, 

USA).  Statistical significance was taken as P < 0.05. 
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   Results  

 

4.5.1   Time-lapse parameters in relation to embryo quality on Day 5 

 

The timings of PNB, and 2C, 3C, 4C and 5C rPNB, as well as the cleavage intervals for 3C-

2C, 4C-3C and 5C-3C were calculated and analysed in relation embryo quality on Day 5.  t4C 

rPNB was the only timing that showed a statistically significant difference between the 

different groups of embryo quality on Day 5, where high-quality embryos reached four cells 

quicker than low-quality embryos (P < 0.05) (table 4.2). 

 

Table 4-2: Time-lapse parameters of high, moderate and low quality embryos on day five. 

 

High quality 

embryos (n=20)

Moderate quality 

embryos (n=26)

Low quality 

embryos (n=32) P

tPNB 23.4 (2.3) 24.0 (2.0) 23.7 (3.1) NS

t2C rPNB 2.4 (0.4) 2.8 (0.7) 2.6 (0.4) NS

t3C rPNB 13.6 (1.1) 13.7 (2.3) 14.2 (2.2) NS

t4C rPNB 14.2 (1.5) 14.7 (1.6) 15.3 (1.7) 0.0392*

t5C rPNB 26.9 (2.7) 27.9 (3.5) 28.2 (3.8) NS

t3C-2C 11.2 (1.1) 10.9 (2.4) 11.6 (2.2) NS

t4C-3C 0.6 (0.6) 1.0 (2.1) 1.0 (1.9) NS

t5C-3C 13.3 (2.1) 14.1 (2.3) 14.0 (2.3) NS  

Values are represented as mean (SD).  tPNB is the time to pronuclear breakdown (PNB) relative 

to insemination. t2C, t3C, t4C and t5C are the respective timings relative to PNB. t3C-2C is 

the second cell cycle representing time spent as a 2-cell embryo; t4C-3C represents the 

synchrony of the two divisions from a 2-cell embryo to a four cell embryo; t5C-3C represents 

time from a three cell to a 5-cell embryo.  Kruskal-Wallis tests were performed for comparison 

between high-, moderate- and low-quality embryos, where *P < 0.05. NS, non-significance. 
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4.5.2   Cumulus cell gene expression in relation to embryo quality on Day 5 

 

Expression levels of the candidate genes in cumulus cells were analysed in relation to the 

associated embryo quality on Day 5.  Differences in the expression levels of ATP synthase, H+ 

transporting, mitochondrial Fo complex, subunit E (ATP51), the endoplasmic reticulum (ER) 

stress marker heat shock 70 kDa protein 5 (HSPA5), the glycolytic gene phosphofructokinase 

platelet (PFKP), the mitochondrial antioxidant peroxiredoxin 3 (PRDX3) and the cumulus 

expansion gene versican (VCAN) were observed between the three levels of embryo quality 

on Day 5 (figure 4.2).  Higher expression levels of ATP51 were observed in cumulus cells 

associated with high-quality embryos on Day 5, compared with those of moderate quality (P < 

0.01).  Conversely, lower expression levels of both HSPA5 and VCAN was observed in 

cumulus cells associated with high-quality embryos on Day 5, compared with those of 

moderate quality (P < 0.01 and 0.05, respectively).  For PRDX3, lower expression levels were 

observed in cumulus cells that were associated with high-quality embryos compared with low-

quality embryos (P < 0.05).  Following the Kruskal-Wallis test, PFKP expression in cumulus 

cells was significantly different between embryo quality groups, and approached significance 

following Dunn's multiple comparisons test between high- and moderate-quality embryos (P < 

0.05 and P = 0.05, respectively). Expression levels of the remaining candidate genes were also 

analysed in relation to embryo quality on Day 5, but they did not differ between those cumulus 

cells associated with high-, moderate- or low-quality embryos (P > 0.05). 
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Figure 4-2: Expression of cumulus cell viability genes in relation to embryo quality 

Expression of ATP synthase, H+ transporting, mitochondrial Fo complex, subunit E (ATP51), 

heat shock 70 kDa protein 5 (HSPA5), phosphofructokinase platelet (PFKP), peroxiredoxin 3 

(PRDX3) and versican (VCAN) in human cumulus cells associated with high-, moderate- and 

low-quality embryos on Day 5. *P < 0.05, **P < 0.01 (Kruskal-Wallis tests with Dunn's 

multiple comparison tests). 
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4.5.3 Correlations between cumulus cell gene expression and time-lapse 

parameters 

 

Correlations between cumulus cell gene expression and time-lapse parameters were performed 

in order to investigate the relationship between these two variables in the developing embryo.  

Lower expression levels of some of the candidate genes in cumulus cells correlated to increased 

timing to early cleavage events in the developing embryo.  Cumulus cell expression of ATPase, 

H+ transporting, lysosomal 70 kDa, V1 subunit A (ATP6V1A) was negatively correlated to 

t3C rPNB and t5C rPNB (P < 0.05).  Expression of another oxidative phosphorylation gene, 

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 1 (NDUFA1), negatively correlated 

to t5C rPNB and t5C-3C (P < 0.01).  The glycolytic gene lactate dehydrogenase A (LDHA) 

was negatively correlated to t2C rPNB (P < 0.05) (table 4.3).
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Table 4-3: Spearman's rank correlations analysing relationships between cumulus cell gene expression and timing of early cleavage events in the 

developing embryo. 

t2C rPNB t3C rPNB t4C rPNB t5C rPNB t3C-2C t4C-3C t5C-3C

Cumulus cell gene 

expression rs P -value rs P -value rs P -value rs P -value rs P -value rs P -value rs P -value 

ATP51 (n=78) 0.13 0.2628 -0.08 0.4668 -0.03 0.8244 -0.19 0.0953 -0.13 0.2421 0.17 0.136 -0.17 0.1268

 ATP6V1A (n=78) -0.12 0.3045 -0.25 0.0287* -0.21 0.0688 -0.25 0.0283* -0.21 0.0688 -0.05 0.677 -0.20 0.087

 BAX (n=78) -0.02 0.8501 -0.15 0.1984 -0.08 0.4904 -0.15 0.2032 -0.13 0.269 0.20 0.0858 -0.11 0.3521

 BCL2 (n=72) 0.10 0.3989 0.02 0.8571 0.01 0.9504 0.01 0.947 0.01 0.9543 0.11 0.3686 -0.04 0.7583

COX10 (n=75) 0.08 0.515 0.09 0.4546 0.06 0.6015 0.17 0.1448 0.10 0.3971 0.02 0.8334 0.14 0.2318

CYP11A1 (n=78) -0.04 0.7425 0.27 0.0155* 0.21 0.0707 0.16 0.1697 0.27 0.0162* -0.05 0.6606 0.09 0.4226

FSHR (n=77) 0.11 0.3489 0.02 0.8329 0.03 0.8186 -0.01 0.9524 -0.02 0.8513 0.03 0.8158 -0.05 0.6517

GREM1 (n=78) 0.19 0.103 0.19 0.0977 0.20 0.0832 0.14 0.2065 0.12 0.2824 0.16 0.1581 0.10 0.365

HAS2 (n=76) -0.10 0.4088 -0.10 0.3764 -0.13 0.2705 -0.07 0.5736 -0.08 0.5141 0.02 0.8764 -0.07 0.5597

HSPA5 (n=77) 0.02 0.8969 0.34 0.0022** 0.26 0.0226* 0.29 0.0094** 0.36 0.0015** -0.09 0.4218 0.17 0.1462

LDHA (n=78) -0.23 0.0435* -0.07 0.569 -0.10 0.3817 -0.03 0.805 0.01 0.9595 -0.13 0.244 0.07 0.5477

NDUFA1 (n=78) 0.04 0.7089 -0.18 0.1107 -0.12 0.2941 -0.33 0.0035** -0.20 0.0754 0.07 0.5329 -0.31 0.0054**

NRF1 (n=77) 0.02 0.8346 -0.07 0.5439 -0.05 0.666 0.00 0.9758 -0.08 0.4921 0.13 0.2742 0.02 0.8727

PFKP (n=78) 0.13 0.2474 0.44 < 0.0001**** 0.35 0.0017** 0.32 0.0043** 0.41 0.0002*** -0.02 0.8291 0.15 0.183

PGR (n=78) -0.04 0.7232 -0.02 0.8566 -0.02 0.8924 -0.04 0.727 -0.01 0.9505 0.14 0.2324 -0.05 0.6869

POLRMT (n=78) 0.00 0.9681 0.21 0.0717 0.18 0.1073 0.18 0.112 0.23 0.0452* 0.03 0.8054 0.11 0.3522

PPARGC1A (n=70) 0.03 0.8009 0.09 0.4688 0.05 0.652 0.03 0.7782 0.03 0.8098 0.00 0.9986 -0.02 0.8822

PPARG (n=78) -0.18 0.1244 -0.06 0.5969 -0.10 0.3834 0.01 0.9164 0.04 0.7507 -0.09 0.4127 0.03 0.8225

PRDX3 (n=78) -0.03 0.7961 0.40 0.0003*** 0.38 0.0006*** 0.30 0.0067** 0.44 < 0.0001**** 0.02 0.8404 0.13 0.2516

PTGS2 (n=78) 0.00 0.9797 0.26 0.0205* 0.12 0.2905 0.21 0.0693 0.28 0.0147* -0.23 0.0432* 0.14 0.2195

SIRT1 (n=78) -0.14 0.2259 -0.20 0.0724 -0.17 0.1341 -0.21 0.0687 -0.20 0.0795 0.04 0.7251 -0.17 0.1373

SIRT3 (n=78) 0.11 0.3438 0.08 0.4712 0.09 0.4376 0.03 0.821 0.04 0.7243 0.08 0.4612 -0.02 0.864

SLC2A4 (n=52) -0.16 0.2639 0.27 0.0485* 0.21 0.1328 0.28 0.048* 0.36 0.008** 0.04 0.7889 0.19 0.1844

SOD2 (n=78) -0.02 0.8798 -0.06 0.5802 -0.01 0.9065 -0.03 0.809 0.01 0.9389 0.21 0.0605 -0.01 0.9123

TFAM (n=78) 0.13 0.2388 -0.05 0.6608 -0.02 0.8834 -0.16 0.1503 -0.09 0.4482 0.15 0.204 -0.24 0.032*

TXN2 (n=78) -0.14 0.2123 -0.07 0.5204 -0.03 0.8202 -0.17 0.1391 -0.04 0.7374 0.10 0.3958 -0.16 0.162

VCAN (n=78) 0.08 0.5084 -0.03 0.7772 -0.06 0.6169 -0.05 0.6483 -0.04 0.7263 -0.09 0.4284 -0.08 0.5026  

*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001
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Positive correlations were also observed where higher expression levels of some of the 

candidate genes in cumulus cells correlated to increased timing to early cleavage events in the 

developing embryo.  Further metabolism genes in cumulus cells were shown to correlate to 

time-lapse parameters in this way, where expression of PFKP showed a strong positive 

correlation to t3C rPNB (P < 0.0001) and t3C-2C (P < 0.001) and a weaker correlation to t4C 

rPNB and t5C rPNB (P < 0.01).  A glucose transporter, solute carrier family 2, member 4 

(SLC2A4), also showed a positive correlation to t3C rPNB and t5C rPNB (P < 0.05) and the 

interval of t3C-2C (P < 0.01) (table 4.3). 

In addition to genes involved in cumulus cell metabolism, two genes involved in steroid 

synthesis and signalling were positively correlated to time-lapse parameters. The steroid 

synthesis gene, cytochrome P450, family 11, subfamily A, polypeptide 1 (CYP11A1), 

positively correlated to both t3C rPNB and t3C-2C (P < 0.05).  Prostaglandin-endoperoxide 

synthase 2 (PTGS2), a cumulus signalling gene, positively correlated to t3C rPNB and t3C-2C 

(P < 0.05).  In addition to being positively correlated to time-lapse parameters, PTGS2 was the 

only gene to correlate to t4C-3C, where it showed a negative correlation (P < 0.05) (table 4.3). 

Two genes involved in cell stress in cumulus cells were also identified as being positively 

correlated to time-lapse parameters of the developing embryo.  The ER stress marker, HSPA5, 

was one of these cell stress genes, where its expression positively correlated to t3C rPNB, t5C 

rPNB and t3C-2C (P < 0.01), and also t4C rPNB (P < 0.05).  The other gene in this category 

was PRDX3, the mitochondrial antioxidant, which strongly correlated to t3C-2C (P < 0.0001), 

t3C rPNB and t4C rPNB (P < 0.001) positively and t5C rPNB to a lesser extent (P < 0.01) 

(table 4.3). 

Two genes involved in maintaining the mitochondrial DNA were also found to positively 

correlate to time-lapse parameters of the associated embryo.  Expression of DNA-directed 

RNA polymerase, mitochondrial (POLRMT), showed a positive correlation towards t3C-2C 

(P < 0.05).  The other mitochondrial DNA maintenance gene, transcription factor A, 

mitochondrial (TFAM), showed a positive correlation towards t5C-3C (P < 0.05).  Expression 

of the remaining candidate genes in cumulus cells showed no evidence of correlating to time-

lapse parameters of the associated embryo (table 4.3). 
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4.5.4   Ordinal logistic regression model for embryo quality on Day 5 

 

Ordinal logistic regression was used in order to investigate whether a model that included both 

cumulus gene expression variables and time-lapse parameters of the associated embryo could 

be built to predict embryo quality on Day 5.  Following univariable ordinal logistic regression, 

cumulus cell gene expression of NDUFA1 and PRDX3 and the developmental event t4C rPNB 

in the associated embryo showed significant associations with embryo quality on Day 5.  

NDUFA1 showed a negative relationship with lower embryo quality (P < 0.05), and PRDX3 

and t4C rPNB both showed positive relationships with lower embryo quality (P < 0.01 and P 

< 0.05, respectively).  Further, all of the embryos in the cohort (n = 78) expressed NDUFA1 

and PRDX3 in their cumulus cells.  The final multivariable model therefore included NDUFA1, 

PRDX3 and t4C rPNB.  Following multivariable ordinal logistic regression, the χ2 statistic was 

significant, indicating that the model gave an improvement over the baseline intercept only 

model (P < 0.01) (table 4.4).  However, in the final multivariable model NDUFA1, PRDX3 

and t4C rPNB could not significantly predict embryo quality on Day 5, with each variable 

showing marginal and relatively equal non-significance (P > 0.05) (table 4.5).  
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Table 4-4: Model fitting information: multivariable ordinal logistic regression of embryo 

quality on Day 5 on expression of NDUFA1 and PRDX3 in cumulus cells, and t4C rPNB 

in associated embryos. 

 

Model -2 Log Likelihood Chi-Square df Significance

Intercept only 168.59

Final 156.40 12.19 3 0.007**  

**P < 0.01. 

 

 

 

Table 4-5: Multivariable ordinal logistic regression of embryo quality on Day 5 on 

expression of NDUFA1 and PRDX3 in cumulus cells, and t4C rPNB in associated 

embryos. 

 

β 95% CI Lower 95% CI Upper P value 

NDUFA1 -8.782 -21.832 4.269 0.187

PRDX3 7.790 -3.008 18.589 0.157

t4C rPNB 0.227 -0.061 0.514 0.122  

CI, confidence interval.  
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   Discussion  

 

The timing of early cleavage events reported for this cohort of embryos are supported by 

previous studies (Bronet et al. 2015, Campbell et al. 2013).  The current study analysed timings 

relative to PNB in order to normalise the data and remove possible inaccuracies associated with 

reporting time to insemination.  A previous study has reported that the development of high-

quality blastocysts on Day 6 can be predicted by the short duration of the first cytokinesis, 

duration of the three cell stage and no direct cleavage from one to three cells (Kirkegaard et al. 

2013).  A different study, which also analysed time-lapse parameters in relation to blastocyst 

quality, found that high-quality blastocysts completed the second and third cleavage divisions 

more rapidly than low-quality blastocysts (Hashimoto et al. 2012). Additionally, another study 

found that early cleavage to the 4-cell and 5-cell stages, as well as synchrony in the division 

from three to four cell stages, was predictive of high-quality blastocysts (Cruz et al. 2012).  The 

present study also showed that high-quality blastocysts reached four cells earlier than low-

quality embryos on Day 5, consistent with previous work. None of the other time-lapse 

parameters evaluated were found to distinguish high-, moderate- and low-quality embryos.  It 

is possible that with a larger sample size, other timings could have reached significance in this 

embryo cohort. 

The current study also investigated whether cumulus cell expression of the candidate genes 

was related to embryo quality on Day 5.  Of the candidate genes analysed, the expression of 

ATP51, HSPA5, PFKP, PRDX3 and VCAN were the found to correlate to embryo quality on 

Day 5.  The oxidative phosphorylation gene, ATP51 showed higher expression in those 

cumulus cells associated with high-quality embryos, compared with those of moderate quality 

(P < 0.01), which could represent increased capacity to synthesize ATP in cumulus cells from 

higher quality embryos.  It should be noted that the same trend was not observed between the 

high- and low-quality groups however, so the relationship between ATP51 expression and 

embryo quality should be investigated in a larger cohort to confirm this finding.  Interestingly, 

ATP51 has been reported to have decreased expression in cumulus cells following maternal 

ageing, a change which suggests an association of this gene with oocyte developmental 

competence (McReynolds et al. 2012).  In the current study, lower expression of HSPA5 (P < 

0.01), PFKP, PRDX3 and VCAN (P < 0.05) was found to be associated with high-embryo 

quality on Day 5.  Cumulus cell expression of PFKP and VCAN have both been studied in 

relation to oocyte developmental competence, where altered expression of these genes in 
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cumulus cells has been observed following maternal ageing and up-regulation of VCAN has 

been associated with implantation and live birth (Gebhardt et al. 2011, McReynolds et al. 2012, 

Pacella et al. 2012, Wathlet et al. 2011).  Although expression levels of HSPA5 and PRDX3 

have not previously been studied in relation to human oocyte developmental competence, the 

current study suggests that cumulus cells associated with lower quality embryos may up-

regulate these genes in response to oxidative stress and ER stress in the ovarian follicle.  

Expression of these two cell stress genes in cumulus cells could be potential biomarkers of 

embryo quality and should be confirmed in a larger cohort of embryos with live birth as an 

end-point. 

The current study also identified correlations between gene expression in cumulus cells and 

time-lapse parameters of the associated embryo.  Overall, the expression of certain genes 

involved energy metabolism, mitochondrial biogenesis, signalling, steroidogenesis and cell 

stress in cumulus cells correlated to time-lapse parameters of the developing embryo.  The two 

key oxidative phosphorylation genes, ATP6V1A and NDUFA1, were negatively correlated to 

early time-lapse parameters (P < 0.05), including t5C rPNB which has been shown to be an 

important indicator of implantation success (Meseguer et al. 2011).  On the other hand, 

expression of two genes that are involved in maintaining the mitochondrial DNA that encodes 

subunits of the respiratory chain, POLRMT and TFAM, showed positive correlations towards 

cleavage intervals (P < 0.05).  These positive and negative correlations suggest the importance 

of mitochondrial performance in cumulus cells for the rate of development in early embryos. 

The current study also suggests that the expression of cumulus metabolism genes in the 

glycolytic pathway may influence the speed at which embryos cleave.  The expression of the 

two glycolytic genes, PFKP and LDHA, and the glucose transporter SLC2A4, were correlated 

with time-lapse parameters (P < 0.05), including t3C-2C (PFKP and SLC2A4) which has 

previously been suggested to be predictive of blastocyst formation (Wong et al. 2010).  Taken 

together, the results for the expression levels of mitochondrial and glycolytic genes in cumulus 

cells provides support that the metabolic status of the cumulus cells determines, at least in part, 

the cleavage rate of the embryo derived from that follicle. 

The present study also indicated that the expression of cell stress genes in cumulus cells was 

positively related to time-lapse parameters, with higher expression of the ER stress marker 

HSPA5 and the mitochondrial antioxidant PRDX3 being related to slower division of cleavages 

from the 2-cell to the 5-cell stage (P < 0.05).  Specifically, the correlation of HSPA5 and 
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PRDX3 with t4C rPNB, the timing which is associated with the formation of high-quality 

blastocysts in the current study, suggests that there could be an important relationship between 

these genes and early embryo development.  It is possible that up-regulation of these genes 

signifies cumulus cell stress and an altered follicular environment, a change which may extend 

the developmental timeline of the embryo.  Thus, the embryo may take longer to reach certain 

early cleavage events because of exposure to cumulus cell stress or conversely its own 

intracellular oxidative stress or ER stress that is reflected by the cumulus cells. 

Interestingly, some of the genes proposed by previous studies as cumulus cell biomarkers of 

embryo developmental competence have been identified in the current study as being 

correlated to time-lapse parameters of the developing embryo.  Expression of two of these 

genes, CYP11A1 and PTGS2, showed significant associations with time-lapse parameters of 

the developing embryo in the current study.  CYP11A1, the steroidogenesis gene most widely 

reported in previous studies to be related to embryo developmental competence, was positively 

correlated to both t3C rPNB and t3C-2C (P < 0.05) (Grøndahl et al. 2012, McReynolds et al. 

2012, Wathlet et al. 2012).  Additionally, PTGS2 was found to positively correlate to these 

early cleavage timings (P < 0.05), and negatively correlate to t4C-3C (P < 0.05) in the current 

study (Gebhardt et al. 2011, McKenzie et al. 2004).  Expression of cumulus cell biomarker 

genes may also reflect aneuploidy, as chromosomal errors in the oocyte could affect gene 

expression in the cumulus cells or, conversely, an altered follicular environment may pre-

dispose the oocyte to these errors (Fragouli et al. 2012). 

Taken together, the expression of a selection of genes in cumulus cells were correlated with 

the rate of embryo cleavage.  For many of these, the function of the gene and the association 

of higher expression with faster or slower cell division is a relationship which is physiologically 

plausible.  These observations support the hypothesis that the follicular environment that occurs 

between the oocyte and the surrounding cumulus cells affects the oocyte and thereby influences 

embryo development (Gilchrist et al. 2008).  It is natural to assume that it is the cumulus cells 

that determines the oocyte's, and hence the embryo's, developmental competence.  However, 

this signalling is bidirectional, meaning that a poor quality oocyte may negatively affect its 

nurturing cumulus cells, and therefore may be another mechanism by which differences in 

developmental competence occur.  Of note, the follicular environment may be affected by 

different ovarian stimulation protocols in addition to the known effects of ageing, however due 

to the small sample size, the current study could not evaluate these relationships directly. 



149 
 

To the best of our knowledge, this is the first study to investigate relationships between 

cumulus cell gene expression and time-lapse parameters of the developing embryo.  A previous 

study has shown that time-lapse parameters reflect gene expression profiles of the developing 

embryo itself, and that those embryos that reach the blastocyst stage exhibit predictable time-

lapse and gene expression phenotypes, supporting the concept that aspects of embryo quality 

are determined early in development and inherited from the oocyte (Wong et al. 2010).  The 

current study reinforces this concept, but also provides novel insight into how the cumulus cells 

may be involved in determining the developmental potential of the oocyte, as reflected in the 

early cleavage timeline of the developing embryo. 

The current study was also designed to test whether cumulus cell gene expression and time-

lapse parameters of the associated embryo could be combined to better predict embryo quality 

on Day 5.  Following univariable ordinal logistic regression, cumulus cell expression of the 

oxidative phosphorylation gene NDUFA1 (P < 0.05) and the mitochondrial antioxidant 

PRDX3 (P < 0.01), and t4C rPNB (P < 0.05) of the developing embryo showed a significant 

association with embryo quality on Day 5.  Following multivariable ordinal logistic regression, 

these combined variables improved the ability to predict embryo quality on Day 5 (P < 0.01), 

however none of the variables had a significant influence on the prediction within the final 

multivariable model and all showed relatively equal predictive abilities (P > 0.05).  It is 

possible that the small sample size of the present study (78 embryos) limited the predictive 

power in this multivariable modelling.  The finding that some of the candidate genes in cumulus 

cells correlate with time-lapse parameters suggests that these two types of variables are 

measures of the same underlying processes, contributing to a loss of significance following 

multivariable modelling.  Therefore further investigations aimed at identifying genes that are 

predictive of blastocyst development, but are not correlated to time-lapse parameters, will be 

the most useful for prediction modelling.  Although none of the variables identified 

significantly contributed to the model in our study, the concept deserves further investigation 

into the relationships between gene expression in cumulus cells and subsequent timings of early 

cleavage events and whether they could be combined to create better prediction models of 

blastocyst quality in a larger sample cohort.  Further, the ultimate goal of developing markers 

for embryo quality, such as cumulus cell gene expression and time-lapse parameters, is for 

them to be predictive of pregnancy and live birth outcomes. While the sample size of the current 

study was too small to assess these outcomes, due to the presence of confounders such as 
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endometrial receptivity, the findings do suggest an interesting relationship between cumulus 

cell gene expression and time-lapse parameters in the pre-implantation embryo. 

In summary, previous studies have shown that oocyte maturity, embryo quality, blastocyst rate, 

blastocyst grade and implantation are related to cumulus cell gene expression.  Similarly, a 

number of studies have suggested that time-lapse parameters of the developing early embryo 

predict blastocyst formation, blastocyst quality and implantation.  For the first time, the current 

study showed that correlations exist between cumulus cell gene expression and the time-lapse 

parameters of the developing embryo.  Specifically, genes involved in energy metabolism, 

mitochondrial biogenesis, signalling, steroidogenesis and cell stress were found to correlate to 

time-lapse parameters, mostly occurring from the three cell stage onwards.  This finding 

supports the idea that the developmental timings of the embryo are influenced by the ovarian 

microenvironment in which the oocyte developed and are thus reflected by the surrounding 

cumulus cells.  It is possible that some of these metabolic activity genes identified in cumulus 

cells may influence the cellular machinery of the oocyte that is responsible for cellular division.  

Ultimately, the expression profile of the cumulus cells may account for some of the variation 

observed in the developmental timings of individual embryos.  The present study also observed 

that expression of genes in cumulus cells, namely ATP51, HSPA5, PFKP, PRDX3, VCAN, 

and NDUFA1, and also the time-lapse parameter t4C rPNB, are related to embryo quality on 

Day 5.  While significant prediction variables were not identified through modelling in this 

embryo cohort, our results do support further investigation into the relationships between 

cumulus cell gene expression and time-lapse parameters in order to gain additional 

understanding of the variables that influence early embryo development and establish whether 

embryo quality, and ultimately live birth, can be predicted based on these.  
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   Afterword 

 

This chapter presents a novel approach to studying biomarkers of embryo viability.  The 

concept of combining non-invasive biomarkers of embryo viability was explored.  The 

relationship between two widely studied biomarkers was characterised in order to determine 

whether they could be used in combination to create better predictions of embryo viability.  

The main finding of this study was that early time-lapse parameters reflect the expression of 

viability genes in associated cumulus cells, and thus the micro-environment in which the oocyte 

developed.  This extends our understanding of the determinants of embryo quality, especially 

in the context of time-lapse monitoring.   

This data was selected for an oral presentation at the American Society for Reproductive 

Medicine conference in Oct 2014, Hawaii.  The data was well received by peers, and was 

topical among other time-lapse studies that were beginning to emerge from the field.  Since 

this date, time-lapse monitoring has become a widespread tool for both clinical and research 

purposes.  It has continued to receive considerable uptake for its ability to perform continuous 

monitoring within an undisturbed culture system.  Since this paper was published, there have 

been no further studies that have investigated the expression of cumulus cells viability genes 

in relation to time-lapse parameters of the developing embryo.  There remains no randomised 

control trial testing the ability of cumulus cell gene expression to improve embryo selection.  

There have been a number of studies that have tested time-lapse parameters for their ability to 

determine embryo viability, reflecting the significant clinical uptake of these monitoring 

systems.  Among these studies, novel time-lapse parameters have emerged, and further clinical 

trials have assessed whether time-lapse parameters can improve reproductive outcomes.  One 

recent study has tested a similar concept as that presented in this thesis.  Metabolism 

measurements and time-lapse parameters were combined, and a distinctive pattern was found 

for embryos which implanted following day 3 transfer (Tejera et al. 2016).  It is envisaged that 

an increasing number of studies will perform a parallel analysis of non-invasive biomarkers 

and time-lapse parameters.  This will be driven by the continued uptake of time-lapse 

microscopy into clinical IVF practice.     

The most significant publication that has recently examined the ability of time-lapse parameters 

to select viable embryos is a randomised control trial of around 250 patients.  Time-lapse 
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parameters were directly compared to standard morphology for embryo selection.  Importantly, 

all embryos were incubated in time-lapse monitoring systems for undisturbed culture, which 

controlled for any environmental benefits of time-lapse monitoring that could have resulted in 

differences in reproductive outcomes (Goodman et al. 2016). The overall clinical pregnancy 

rate following either day 3 or 5 transfer was 68% in the time-lapse monitoring group and 63% 

in the morphological screening group, with no statistical difference between the different 

methods of embryo selection.  

When the embryos in the morphological screening group were retrospectively analysed using 

time-lapse parameters, the transferred embryos had a lower morphokinetic score compared to 

the transferred time-lapse monitoring group (Goodman et al. 2016).  This suggests that 

morphological screening did not always identify the best embryo, as defined by time-lapse 

parameters.  This may have accounted for the slight increase in clinical pregnancy rates in the 

time-lapse monitoring group.   Although this did not reach statistical significance, the study 

population may not have been large enough to detect this difference.   Alternatively, it may be 

that the independent effect of undisturbed culture during time-lapse monitoring shows greater 

benefit compared to time-lapse parameters themselves, but this needs to be studied further in 

various clinical settings (Goodman et al. 2016).   

Other clinically useful observations have been reported following the analysis of time-lapse 

parameters in several recent retrospective studies.  A recent study of around 200 cycles built a 

de-selection model which utilised both quantitative and qualitative time-lapse measures in 

combination with standard morphology (Liu et al. 2016).  Following categorisation of the 

embryos according to these variables, the model could predict a 53% implantation rate in the 

top group of embryos and a 0% implantation rate in the bottom group of embryos following 

day 3 transfer (Liu et al. 2016).  The model was then prospectively validated in around 70 

embryos and it was found that the predictive ability was maintained.  

For blastocyst stage transfer, it has been reported that spontaneous collapse of the blastocoele 

cavity, observed through time-lapse monitoring, may be a negative predictor of embryo 

viability (Bodri et al. 2016, Marcos et al. 2015).  One study, which included young oocyte 

donors, found that around 20% of blastocysts exhibited spontaneous collapse and that this was 

associated with a lower rate of implantation (Marcos et al. 2015).  A later study demonstrated 

that around 50% of blastocysts underwent spontaneous collapse, with the increased rate of 

collapse most likely due to a higher proportion of infertile patients of advanced female age. 
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This study reported that spontaneous blastocoele collapse was linked to a lower rate of live 

birth; however this did not remain as an independent predictor following an adjustment for 

female age and also the time to reach an expanded blastocyst (Bodri et al. 2016).  Although 

spontaneous blastocoele collapse may not be an independent predictor of implantation, both 

studies show that it may be indicative of lower embryo viability, and may be representative of 

a defective hatching process within the embryo.   

It has been important to establish the time-lapse parameters for both ICSI and IVF inseminated 

embryos.  The analysis of time-lapse data in the current thesis, was among the first studies to 

report normalised time-lapse data relative to pronuclear breakdown. This thesis therefore 

provides a valuable methodology for the accurate assessment of time-lapse parameters, among 

heterogeneous cohorts of embryos in a clinical setting.  A large study identified a delay in the 

early time-lapse parameters of IVF inseminated embryos compared to those inseminated using 

ICSI.  The delay resulted from a later time to fertilisation for IVF inseminated embryos.  As in 

this thesis, time-lapse parameters were then analysed relative to pronuclear breakdown to 

normalise the data, enabling comparisons between IVF and ICSI inseminated embryos.  

Following this normalisation, it was found that time-lapse parameters at the blastocyst stage 

occurred earlier for IVF embryos, potentially because of better prognosis patients and thus 

higher embryo quality being associated with conventional IVF insemination (Bodri et al. 2015).  

The move towards normalised time-lapse data will reduce inconsistencies within and between 

different studies, which has limited the data in the field to date.    
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   Foreword 

 

Since the development of PGS, it quickly began to emerge that the human pre-implantation 

embryo exhibits a high rate of genetic instability. We learned that aneuploidies are extremely 

common, and that most aneuploidies will cause developmental arrest, implantation failure, or 

miscarriage (Fragouli et al. 2013b).  It seems logical then that the key to diagnosing embryo 

viability is to biopsy cells of the embryo to assess genetics.  This was implemented into clinical 

practice before the correct randomised clinical trials were undertaken (Mastenbroek et al. 

2011).  This sparked one of the largest controversies in IVF practice, as blastomere biopsy was 

shown to negatively impact embryo viability and implantation potential (Scott Jr. et al. 2013a).  

Trophectoderm biopsy at the blastocyst stage of development appears to be the safest approach 

to embryo biopsy, but at the present time blastomere biopsy is still widely practiced 

(Cimadomo et al. 2016).  While trophectoderm biopsy is the gold standard for genetic 

assessment, it is still invasive to the embryo and is a highly technical procedure.  

Recently however, it has been discovered that there may be cell-free DNA within the 

blastocoele fluid cavity of the developing embryo and in the spent embryo culture media. This 

discovery could represent a minimally invasive way to assess embryo genetics.  If a goal of 

reproductive medicine is to create minimal disturbance cultures, aligning with the uptake of 

time-lapse microscopy, then this finding has the potential to be of real significance.  Not only 

could the DNA have the potential to be used for PGS, but also for PGD, as well as being a 

potential biomarker of embryo viability.  Being a very recent discovery however, there are gaps 

in our knowledge regarding where the DNA originates, when it arises, and how it does so.  In 

order to assess whether this DNA could ever be applied clinically, or whether it could tell us 

about novels aspects of embryo biology, it will need to be characterised within an IVF context.  

The summary of the research presented in this chapter:  

 To describe results from a novel study that characterises the nuclear and mitochondrial 

DNA in spent embryo culture media. 

 This study assesses the background levels of genetic contamination within culture 

media controls.  
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 Three different commercial culture media were analysed. A subset of embryos also 

underwent artificial collapse of the blastocoele fluid cavity into the surrounding culture 

media.  The origin of the DNA within spent embryo media was examined.  

 The results presented in the current study provide a critical analysis that is necessary to 

determine whether the DNA present in spent embryo culture media could ever be used 

for the genetic assessment of embryos in a clinical setting.  

The following manuscript was published in January 2017 in the journal Fertility and Sterility.  

Fertility and Sterility features full-length, peer-reviewed papers reporting original research.  In 

2017, Fertility and Sterility has an impact factor of 4.59, with a 5 year impact factor of 4.26.  

The manuscript is included in its entirety. 

Contribution of the candidate: 

Elizabeth R. Hammond collected media samples, carried out the experimental work and 

performed the data analysis.  Following data collection, Elizabeth R. Hammond interpreted the 

experimental findings, wrote the first draft and the produced figures and tables of the 

manuscript.  

Publishers’ approval for the inclusion of the manuscript: 

This article was published by Elsevier, Fertility and Sterility; Hammond ER, McGillivray BC, 

Wicker SM, Peek, JC, Shelling AN, Stone P, Chamley LW and Cree LM. Characterising 

nuclear and mitochondrial DNA in spent embryo culture media: genetic contamination 

identified. 2017. 

Elsevier states that the version of record can be included in this thesis with publication.  

Author list and affiliations:  

Elizabeth R. Hammond1, Brent C. McGillivray1, Sophie M. Wicker1, John C. Peek2, Andrew 

N. Shelling1, Peter Stone1, Larry W. Chamley1 and Lynsey M. Cree1,2 

1Department of Obstetrics and Gynaecology, Faculty of Medical and Health Sciences, 

University of Auckland, Auckland 1023, New Zealand; 2Fertility Associates, Greenlane, 

Auckland 1051, New Zealand. 



157 
 

 

 



158 
 

   Abstract 

 

OBJECTIVE: To characterise nuclear and mitochondrial DNA (mtDNA) in spent culture 

media from normally developing blastocysts, to determine whether it could be used for non-

invasive genetic assessment.  

DESIGN: Prospective embryo cohort study. 

SETTING: Academic centre and private IVF clinic. 

PATIENT(S): 70 patients undergoing intra-cytoplasmic sperm injection (ICSI) and 227 

blastocysts.   

INTERVENTION(S):  Culture media assessment, artificial blastocoele fluid collapse and 

DNA analysis using digital PCR (dPCR), long-range PCR, quantitative PCR (qPCR) and DNA 

fingerprinting.  

MAIN OUTCOME MEASURE(S): Presence of nuclear and mtDNA in three different 

commercial culture media from Vitrolife and Irvine Scientific.  Spent embryo media 

assessment at the cleavage and blastocyst stages of development.  Analysis of internal media 

controls for each patient, which were exposed to identical conditions as embryo media but did 

not come into contact with embryos. 

RESULT(S): Higher levels of nuclear and mtDNA were observed in culture media that was 

exposed to embryos compared to internal media controls (P < 0.0001).   Nuclear DNA (~4 

copies) and mtDNA (~600 copies) could be detected in spent media, and the levels increased 

at the blastocyst stage (P < 0.0001).  No increase in DNA was detected following artificial 

blastocoele fluid collapse (P > 0.05).  Mixed sex chromosome DNA was detected. This 

originated from contamination in the culture media and from maternal (cumulus) cells.  Due to 

the limited amount of template, the presence of embryonic nuclear DNA could not be 

confirmed by DNA fingerprinting analysis.  

CONCLUSION(S):  Currently DNA from culture media cannot be used for genetic 

assessment as embryo associated structures release DNA into the culture media and the DNA 

is of mixed origin.   
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   Introduction 

 

Selecting the embryo that is most likely to result in a healthy live birth remains an important 

challenge of reproductive medicine.  Morphologic evaluation at the blastocyst stage of 

development remains the primary method for embryo selection (Gardner et al. 2000).  

However, blastocyst grade does not diagnose aneuploid embryos (Capalbo et al. 2014).  Direct 

genetic assessment of embryos through cell biopsy is an additional and valuable tool for 

embryo selection.  Pre-implantation genetic screening (PGS) may improve IVF success by 

selecting only euploid embryos (Forman et al. 2013, Scott Jr. et al. 2013b, Yang et al. 2012).  

Additionally, pre-implantation genetic diagnosis (PGD) can be used to select embryos without 

single gene disorders (Gutierrez-Mateo et al. 2009).   

Genetic assessment can be performed from a biopsy of polar bodies (Montag et al. 2013), 

blastomeres (Handyside et al. 1989) or trophectoderm (Schoolcraft et al. 2010).  Of the three 

types of cell biopsy, analysis of trophectoderm cells at the blastocyst stage is favoured because 

it involves direct embryo assessment, a higher number of cells are analysed and the biopsy 

procedure does not appear to reduce the developmental competence of the embryo (Fragouli 

and Wells 2011, Scott Jr. et al. 2013a).  However, a biopsy of 5 to 10 trophectoderm cells is 

still invasive, involves additional embryo handling and is a difficult procedure to perform 

requiring highly skilled professionals.  Therefore, novel methodologies for the non-invasive 

genetic assessment of embryos would represent a significant advancement with the potential 

to both reduce the costs of assisted reproductive technologies (ART) and improve outcomes.  

Recently it has been reported that embryos release genetic material into their culture media 

(Assou et al. 2014, Stigliani et al. 2013, Stigliani et al. 2014, Wu et al. 2015).  Low levels of 

nuclear DNA and comparatively higher levels of the multi-copy mitochondrial DNA (mtDNA) 

have been reported in spent culture media, however the relationship to embryo quality is 

unclear (Stigliani et al. 2013, Stigliani et al. 2014).  Recent studies have also reported that 

blastocoele fluid, isolated by blastocentesis, contains nuclear DNA.  This nuclear DNA has the 

potential to undergo comprehensive chromosome analysis, although the degree to which this 

is representative of the developing embryo is currently unclear (Gianaroli et al. 2014, Magli et 

al. 2015, Tobler et al. 2015).  While blastocentesis may represent a minimally invasive 

approach to genetic analysis, spent embryo culture media assessment may represent a 

completely non-invasive approach to genetic analysis if the DNA recovered is demonstrated to 
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be embryonic in origin (Hammond et al. 2016b).  A key limitation of the culture media studies 

performed to date is the lack of adequate controls for determining whether the DNA detected 

in the embryo culture media is released from the developing embryo, or alternatively arises 

from contaminating cells, such as cumulus cells, or whether the DNA is a contaminant in the 

culture media.   

The aims of this study were to 1) characterise the levels of nuclear and mtDNA in spent embryo 

culture media 2) compare the amount of DNA across three different commercial culture media 

and the stages of pre-implantation embryo development 3) determine whether the amount of 

DNA in spent embryo culture media increased following artificial collapse of the blastocoele 

cavity and 4) investigate the origins of DNA in spent embryo culture media.   
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   Materials and Methods  

5.4.1   Patients and embryo culture 

 

Ethical approval was received from the University of Auckland Human Participants Ethics 

Committee (no. 011386).  70 couples (median maternal age 34 years) were recruited in 2015-

2016 from Fertility Associates Clinics, New Zealand, and gave written informed consent.    All 

couples underwent intra-cytoplasmic sperm injection (ICSI) for male infertility.   This 

prevented paternal contamination from sperm, and limited maternal contamination from 

cumulus cells.  Prior to ICSI, cumulus oocyte complexes were exposed to 30 IU/ml HYASE 

and a denudation pipette was used to dissociate nearly all the surrounding cumulus cells from 

the oocyte (Vitrolife). On day 1, individual embryos were cultured in 20 µl pre-equilibrated 

droplets of either sequential G5 series media (Vitrolife) or continuous single culture media 

(Irvine Scientific) under oil (Vitrolife).  For sequential media, embryos were cultured in G-1 

Plus media (Vitrolife) from days 1 to 3 of culture, and G-2 Plus media (Vitrolife) from days 3 

to 5 of culture.  G5 series Plus media was pre-supplemented with human serum albumin during 

manufacture (Vitrolife) at a final concentration of 5 mg/ml (5% weight/volume).  To 

investigate whether there was baseline DNA contamination in the base media and protein 

supplement components of the G5 series media, 3 replicates of G-1 and G-2 (Vitrolife) media 

and 100% HSA-solution (Vitrolife) were analysed separately.  Additionally, 3 replicates of G-

1 and G-2 series media supplemented with 5 mg/ml HSA-solution were also investigated.  For 

continuous culture, embryos were cultured in continuous single culture media supplemented 

with 10% serum substitute supplement (Irvine Scientific) from days 1 to 6 of culture.  Serum 

substitute supplement was added to continuous single culture media to a final concentration of 

5 mg/ml post manufacture, in the embryology laboratory.  Serum substitute supplement (Irvine 

Scientific) contained 6% (weight/volume) total protein in saline.  This consisted of 84% human 

serum albumin (50mg/mL, 5% weight/volume) and 16% alpha and beta globulins (10 mg/mL, 

1% weight/volume).  To investigate whether there was baseline DNA contamination in the 

base media and protein supplement components, 3 replicates of continuous single culture media 

and 100% serum substitute supplement were analysed separately.  Additionally, 3 replicates of 

continuous single culture media supplemented with 5 mg/ml serum substitute supplement were 

also investigated. 
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For every patient, a 20 µl blank media control droplet was cultured alongside embryo media, 

in the same micro-droplet dish (Vitrolife) with the identical batch of media as that used for 

embryo culture. Thus, they were exposed to identical conditions throughout the culture period, 

except they never came into contact with embryos.  These controlled for the presence of 

baseline DNA contamination in the commercial culture media following manufacture and 

potential contamination arising throughout the culture period.  Additionally, these controlled 

for potential contamination arising from laboratory technicians during sample collection, 

purification and PCR.  Compared to culture media controls, any additional DNA arising 

following embryo culture will have one of four origins 1) cells of the developing embryo 2) 

apoptotic cells which are no longer part of the developing embryo 3) cumulus cells or 4) polar 

bodies.  This has been collectively defined in the current study as “embryo associated 

structures” to accurately depict all possible origins of DNA within spent embryo media.  For 

the analysis of spent embryo media, only those embryos reaching the blastocyst stage of 

development (n = 227) were included in the analysis.   Blastocysts were graded on day 5/6 

using the Gardner scheme for blastocyst development (Gardner et al. 2000).  The majority 

(71%) of blastocysts assessed were top quality (3-5 AA, AB, BA) and a proportion (37%) had 

begun hatching.  During continuous culture, 79% of the embryos were cultured to day 5 and 

the remaining were cultured to day 6.    

 

5.4.2   Culture media collection and DNA purification 

 

Spent culture media was collected following embryo removal at day 3 (G-1 Plus media), day 

5 (G-2 Plus media) and day 6 (continuous single culture media).  Spent embryo media was also 

collected following laser assisted collapse of the blastocoele cavity prior to embryo vitrification 

on day 5/6.  Embryo removal prior to transfer, freezing or discarding was performed using a 

finely pulled glass pipette (Origio), which resulted in an extremely limited amount of media 

being removed or carried over from culture media droplets.    It was important that our standard 

clinical protocol for embryo handling was not optimised to reduce media removal or carryover 

as this would increase embryo handling time outside the incubator and innately oppose the 

aims of the study for non-invasive testing.  Prior to media collection, the oil overlay was 

removed by pipetting to reduce oil carry over.  Whilst this methodology reduced oil carryover, 

minute remnants of oil remained associated with the culture droplet, and this was unavoidable.  
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Media was collected under a stereo-microscope using gloves and PCR clean consumables 

(Axygen) to prevent contamination, and stored at -20 ˚C.  The DNA was purified using the 

NucleoSpin Plasma XS kit and high sensitivity protocol (Macherey-Nagel).  The reagent 

volume was adjusted to compensate for the reduced volume of the culture media sample (20 

µl).  Genomic DNA from the male control cohort (n = 20) was extracted from whole blood 

using the Quick-gDNA MiniPrep Kit (Zymo Research) according to the manufacturer's 

protocol, and was stored at -20 ˚C.  Each culture media droplet was analysed individually, and 

was not split between experiments due to the minute quantities of DNA available for analysis.  

A summary table of the number of patients, embryos, spent embryo culture media droplets and 

media control droplets analysed in each assay is shown in supplemental table 7.2. 

 

5.4.3   Digital PCR quantification 

 

The absolute number of nuclear and mtDNA copies present in spent embryo culture media (n 

= 154) and respective media controls (n = 54) was determined using the QuantStudio 3D Digital 

PCR System (Applied Biosystems).  51 embryos were sampled at day 3 of culture and then 

again at day 5 of culture (n = 102 media droplets), and 52 embryos were sampled at day 6 

following continuous culture (n = 52 media droplets).  Prior to studying individual culture 

media samples, the digital PCR (dPCR) assay was validated using the single copy reference 

gene ribonuclease P (RNAse P) across a series of nine dilutions (10ng to 0.003ng) of control 

genomic DNA (Applied Biosystems) (supplemental table 7.3).  RNAse P was detectable down 

to 0.003ng of input DNA, indicating that the dPCR assay was highly sensitive for detecting 

minute quantities of DNA.  However, the limit of accurate quantification was set at a 

conservative threshold of 0.01ng which equated to 6 copies of the single copy gene.  RNAse P 

and the mitochondrial gene, mitochondrially encoded NADH dehydrogenase 1 (MT-ND1) 

(Applied Biosystems), were simultaneously targeted during culture media assessment 

(supplemental table 7.3). The multiplex assay was validated across two different dilutions (1ng 

and 0.025ng) of control genomic DNA, by ensuring that identical copy number values were 

obtained compared to the corresponding singleplex reactions. The dPCR reaction mixture 

(supplemental table 7.4) was loaded on the QuantStudio 3D digital PCR chip v2 (Applied 

Biosystems).  Chips were sealed and cycled (supplemental table 7.4) using the ProFlex 2x Flat 

PCR System (Applied Biosystems).  To prevent DNA contamination, all reactions were set up 
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in a laminar PCR flow.  A H2O no-template control chip was included for every batch of 

samples.  Fluorescence was measured on the QuantStudio 3D Digital PCR Instrument and 

analysis was performed using the QuantStudio 3D Analysis Suite Cloud Software (Applied 

Biosystems).  The number of copies per µl was multiplied by the elution volume of the sample 

(6 µl) to obtain the total copy number.  

 

5.4.4   Long-range PCR  

 

Long-range PCR was used to detect intact mtDNA in individual spent embryo culture media 

droplets (n = 48) and respective media controls (n = 18), where 24 embryos were sampled at 

day 3 of culture and then again at day 5 of culture.  A 15 kb PCR product, encompassing the 

mitochondrial genome (excluding the D-loop), was amplified by the PrimeSTAR GXL DNA 

polymerase system (Clontech) using a two-step nested protocol and cycled as previously 

described by Hammond et al. 2016a (supplemental table 7.3 and 7.4).  H20 no-template controls 

were included.  Intact mtDNA was confirmed by the presence of a 15kb band following 

separation of the PCR products on a 0.7% agarose gel.  

 

5.4.5   DNA pre-amplification and quantitative real-time PCR 

 

Quantitative PCR (qPCR) was used to determine the relative levels of DNA in individual 

embryo media droplets (n = 100), from 100 embryos, respective media controls (n = 25) and 

culture media straight from the bottle (n=3) across five multi-copy and single copy genes.  

DNA was amplified prior to qPCR using the TaqMan PreAmp system (supplemental table 7.4) 

(Applied Biosystems).    The qPCR assay in conjunction with pre-amplification was highly 

sensitive for the detection of extremely low quantities of DNA, with a lower limit of detection 

being 0.005ng.  Pre-amplification was also validated to ensure that it did not introduce 

amplification bias following the analysis of minute quantities of DNA.  A tight correlation 

between amplified and unamplified nuclear DNA and mtDNA was demonstrated across a 

series of five dilutions (10ng to 0.005ng) of control genomic DNA.  Pre-amplification no-

template controls were performed for every batch of samples, to ensure the absence of false 
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positive amplification.  Following pre-amplification, the level of mtDNA was assessed by 

qPCR using a singleplex assay that targeted to MT-ND1 (supplemental table 7.3).  For the 

nuclear multi-copy genes; TBC1 Domain Family, Member 3 (TBC1D3) on chromosome 17 

was multiplexed with testis specific protein, Y-linked 1 (TSPY1) on the Y chromosome 

(supplemental table 7.3).  These two multi-copy genes are highly duplicated in the human 

genome, with TBC1D3 and TSPY1 exhibiting between 5-53 and 20-76 copies, respectively.  

These two genes were selected based on the original report by Palini et al. 2013, where they 

were used to detect DNA in blastocoele fluid.  In the current study, these two genes were also 

measured in a male control cohort (n = 20) to assess their copy number variation in a fertile 

male population.  For the nuclear single copy genes; RNAse P was multiplexed with the disease 

specific gene, cystic fibrosis transmembrane conductance regulator (CFTR) (supplemental 

table 7.3).  Multiplex assays were validated by ensuring that identical CT values were obtained 

compared to the corresponding singleplex reactions.  Reactions were prepared in a laminar 

flow hood to prevent contamination.  No-template controls for both pre-amplification and 

qPCR were included.  Male genomic DNA (1ng) was run as a positive control, and female 

genomic DNA (1ng) was used to confirm the absence of Y chromosome amplification.  qPCR 

was run on the QuantStudio 12 K Flex and analysed using the QuantStudio software (Applied 

Biosystems).  CT values were used to compare relative levels of DNA because the quantity of 

DNA in culture media was too low to permit absolute quantification using the standard curve 

qPCR methodology.  The CT level is inversely proportional to the logarithm of the initial level 

of DNA (low CT values correspond to high DNA levels).  A 0.15 threshold was set across all 

assays.  The ratio of Y chromosome specific DNA (TSPY1) to autosomal DNA (TBC1D3), 

termed the Y/17 chromosome ratio, was calculated by dividing the TSPY1 CT value with that 

of the TBC1D3.   A separate analysis was required to estimate the apparent sex ratio of the 

spent media.   Only spent media with levels of DNA above control media (TBC1D3 < CT 

28.5), exhibiting the release of DNA from embryo associated structures, were analysed.  

 

5.4.6   Short tandem repeat assay  

 

Spent embryo media (n=10) and media controls (n=2) underwent DNA fingerprinting analysis 

to determine whether complex DNA mixtures were apparent.  DNA from cumulus cells was 

used to determine the maternal alleles for each spent embryo media sample.  Cumulus cells 
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were isolated prior to ICSI and the DNA extracted using the PureLink Genomic DNA Mini Kit 

(Thermofisher Scientific).  Two different whole genome amplification kits were used; REPLI-

g Single Cell Kit (24) (Qiagen) and GenomePlex Whole Genome Amplification Kit (Sigma-

Aldrich).  The AmpFLSTR MiniFiler PCR Amplification Kit (Applied Biosystems) was used 

for short tandem repeat analysis.  Capilliary electrophoresis was performed on a 3130xl Genetic 

Analyser and GeneMapper ID software (3.2) was used to analyse the data according to the 

manufacturer’s instructions (Applied Biosystems).  

 

5.4.7   Statistical analysis 

 

The Mann-Whitney test (GraphPad) was used to compare the amount of DNA in spent embryo 

media and media controls.  Additionally, it was used to detect differences following artificial 

blastocoele collapse.  The Wilcoxon matched-pairs signed rank test was performed to assess 

the number of nuclear and mtDNA copies from the same cohort of embryos (n = 51) at day 3 

of culture, compared to days 5 of culture (GraphPad).  A one-way analysis of variance Kruskal-

Wallis test and Dunn's multiple comparison tests (with multiplicity adjusted P values) were 

performed to detect differences for the level of DNA across the different types of commercial 

culture media and between spent embryo media, media controls and the control cohort of male 

genomic DNA (GraphPad).  P ≤ 0.05 was considered statistically significant.  All data are 

presented as mean ± SEM, unless otherwise stated.  
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   Results 

 

5.5.1   Absolute number of DNA copies assessed by digital PCR 

 

The absolute number of nuclear and mitochondrial genome copies was measured in three 

commercial culture media; day 3 and 5 sequential G5 series media (Vitrolife) and continuous 

single culture media (Irvine Scientific).  The absolute number of DNA copies was determined 

in spent culture media from individual embryos (n = 103), of which 51 were sampled at day 3 

of culture and then again at day 5 of culture, and 52 were sampled at day 6 following continuous 

culture.  The absolute number of DNA copies was also measured in internal media controls (n 

= 54) which were included on all embryo dishes but did not come into contact with embryos.  

Additionally, the absolute number of DNA copies was measured in the base media and protein 

supplement components of the three commercial culture media. 

 

5.5.2   Absolute number of mtDNA copies and presence of intact mtDNA 

 

Low levels of mtDNA (15 ± 4 copies) were detected in media controls which had not been 

used to culture embryos (figure 5.1).  There was no significant difference in the number of 

mtDNA copies present in media not exposed to embryos at days 3, 5 (sequential media) or 6 

(continuous media) (P = 0.470).  Comparably low levels of mtDNA were detected in the base 

media and protein supplement components of the three commercial culture media 

(supplemental table 7.5).  There were significantly more mtDNA copies present in culture 

media after embryo culture compared to control media (P < 0.0001) (figure 5.1).  At day 3 of 

culture there were 90 ± 22 mtDNA copies in spent G-1 Plus media, while at day 5 of culture 

there were 259 ± 42 mtDNA copies in G-2 Plus media (P < 0.0001).  Thus there was a 

cumulative total of 349 copies of mtDNA detected in spent sequential media.  Continuous 

culture media sampled at day 6 of culture had an average of 625 ± 118 mtDNA copies (P < 

0.0001).  Following Dunn’s multiple comparison testing, the number of copies for continuous 

single culture media remained significant, compared to day 3 (P < 0.0001), but did not reach 

significance compared to day 5 of sequential culture (P = 0.122) (figure 5.1).  Intact mtDNA, 

as measured by long-range PCR, was not detected in media controls, but could be detected in 
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40% of spent embryo culture media (supplemental figure 7.1).  In summary, mtDNA was 

detected by dPCR and long-range PCR in spent embryo media at days 3, 5 and 6 of embryo 

development. 
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Figure 5-1: The absolute number of mitochondrial DNA (mtDNA) copies in spent embryo 

media (n = 154) and media controls (n = 54) in day 3 and day 5 sequential G5 series media 

(Vitrolife) and day 6 continuous single culture media (Irvine Scientific).   

The spent sequential media from 51 embryos was sampled at day 3 of culture and then again 

at day 5 of culture and the spent continuous media from 52 embryos was sampled at day 6 of 

culture.  The background level of mtDNA in media controls was 15 ± 4 copies and there was 

no difference between the three types of culture media (P = 0.470).  Compared to the media 

controls, there was a higher number of mtDNA copies in spent embryo culture media (P < 

0.0001).  The mean number of mtDNA copies in spent embryo media was 90 ± 22 at day 3 and 

259 ± 42 at day 5 of sequential culture (P < 0.0001).  The mean number was 625 ± 118 copies 

at day 6 in continuous culture (P < 0.0001). **** P ≤ 0.0001 (Wilcoxon matched-pairs signed 

rank test for paired data, Mann-Whitney test for media control data and Kruskal-Wallis tests 

with Dunn's multiple comparison tests for comparison with continuous single culture media). 
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5.5.3   Absolute number of nuclear DNA copies 

 

The control media, not exposed to embryos, contained a median equivalent to one copy of 

nuclear DNA.  The amount of nuclear DNA was not significantly different between the three 

different commercial culture media (P =0.948).  Comparably low levels of nuclear DNA were 

detected in the base media and protein supplement components of the three commercial culture 

media (supplemental table 7.5).  The number of nuclear DNA copies measured in spent embryo 

media was low (0-38 copies).  Compared to the media controls, there were more nuclear DNA 

copies present after embryo culture at day 5 of  sequential culture  (P = 0.006) and day 6 of 

continuous culture (P < 0.0001), whereas the difference compared to media controls was not 

significant for day 3 of sequential culture (P = 0.078).  There was a cumulative total of 5 nuclear 

copies detected in spent sequential media, following measurement at day 3 of culture (mean 2 

copies) and day 5 of culture (mean 3 copies), with the difference between day 3 and 5 being 

significant (P = 0.047). The highest number of nuclear copies was measured at day 6 in 

continuous single culture media (6 copies) (P < 0.0001).  In summary, nuclear DNA was 

detected by dPCR in spent embryo media at days 3, 5 and 6 of embryo development. 

 

5.5.4   Relative level of DNA assessed by qPCR 

 

To characterise the relative level of DNA corresponding to multi-copy and single copy genes, 

five targets were simultaneously assessed by qPCR for 100 embryos from 25 patients.  Internal 

media controls (n = 25), that were subjected to the same culture conditions but which did not 

come into contact with embryos, were also analysed for each patient, along with culture media 

straight from the bottle (n = 3).  This analysis was performed only using continuous single 

culture media (Irvine Scientific) given that dPCR analysis revealed that the highest number of 

DNA copies could be obtained following continuous culture to the blastocyst stage.  The levels 

of DNA were also measured in 3 replicates of continuous single culture media supplemented 

with 5 mg/ml of serum substitute supplement which had not been cultured alongside embryos, 

termed culture media ‘straight from the bottle’.  For all genes, comparable levels of DNA were 

detected in media controls and culture media straight from the bottle.  
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5.5.5   Multi-copy genes  

 

Multi-copy genes were targeted to increase assay sensitivity.  Given there are multiple copies 

of the mitochondrial genome in each cell, mtDNA was examined (figure 5.2).  84 percent of 

the media controls (not exposed to embryos) amplified the mitochondrial gene, MT-ND1.  All 

of the spent embryo culture media samples amplified for this gene and produced lower CT 

values than media controls.  As the CT value is inversely proportional to the logarithm of the 

initial level of DNA, this represents a higher level of mtDNA in spent embryo media compared 

to media controls (P < 0.0001).  An autosomal multi-copy gene, TBC1D3 on chromosome 17, 

was also investigated and it was amplified in 96% of the media controls and all of the spent 

embryo culture media.  The level of TBC1D3 was significantly higher in spent embryo culture 

media compared to media controls (P < 0.0001).  Additionally a multi-copy gene on the Y 

chromosome, TSPY1, was investigated and this gene was found to amplify in 72% of media 

controls and 81% of spent embryo culture media. This result was not significant (P = 0.384) 

(figure 5.2).  In conclusion, multi-copy genes could be amplified by qPCR in spent continuous 

embryo culture media. 

 

5.5.6   Single copy genes 

 

In order to assess whether single copy genes could be amplified in embryo culture media, two 

single copy genes (RNAse P and CFTR) were targeted.  These single-copy genes were detected 

in 16% of the media controls, and 70% percent of spent embryo culture media.  Compared to 

the four media controls that did amplify, the level of DNA was higher in spent embryo media 

for CFTR (P = 0.019), but this was not significant for RNAse P (P = 0.102) (figure 5.2).  In 

conclusion, single copy genes could be amplified by qPCR in spent continuous embryo culture 

media. 
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Figure 5-2: Cycle threshold (CT values) of mitochondrially encoded NADH 

dehydrogenase 1 (MT-ND1), TBC1 Domain Family, Member 3 (TBC1D3), testis specific 

protein, Y-linked 1 (TSPY1), ribonuclease P (RNAse P) and cystic fibrosis 

transmembrane conductance regulator (CFTR) in media controls (n = 25) and spent 

embryo media (n = 100).  

The Y axis is labelled in reverse to reflect how the CT level is inversely proportional to the 

logarithm of the initial level of DNA in the sample.  Of those media samples that amplified 

during qPCR, the spent embryo culture media had a higher abundance of MT-ND1, TBC1D3 

(P < 0.0001) and CFTR (P = 0.019) compared to media controls, but this was not significantly 

different for TSPY1 (P = 0.384) or RNAse P (P = 0.102). * P ≤ 0.05, **** P ≤ 0.0001 (Mann-

Whitney test). 
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5.5.7   Artificial blastocoele collapse 

 

It was hypothesised that artificial laser collapse of the blastocoele fluid cavity into the 

surrounding culture media prior to vitrification would increase the amount of DNA detected.  

Following a subset analysis of those embryos that underwent laser collapse, there was no 

increase in the absolute  number of mtDNA or nuclear DNA copies in any of the three 

commercial culture media (n = 30) (P > 0.05).  Similarly, the level of single copy and multi-

copy genes as assessed by qPCR did not increase following artificial blastocoele collapse 

(n=12) (P > 0.05).   In summary, the amount of DNA did not appear to increase following 

artificial blastocoele collapse. 

 

5.5.8   Does detecting Y chromosome DNA in the spent embryo culture 

media necessarily indicate a male embryo?  

 

Since we have shown above that there is Y chromosome (as well as other autosomal) 

contamination in the media that had not been exposed to embryos, it was possible that Y 

chromosome DNA in the spent embryo culture media was derived from that media 

contamination rather than male embryos.  In order to address this question we examined the 

ratio of Y chromosome specific DNA to autosomal DNA using genes present on the Y 

chromosome (TSPY1) and chromosome 17 (TBC1D3).  There are subtle copy number 

variations for these two multi-copy genes between individuals so this was first examined in a 

cohort of fertile males (n = 20).  All males had a higher amount of Y chromosome marker than 

chromosome 17 marker giving a ratio of Y chromosome/chromosome 17 (Y/17 ratio) of 0.95 

± 0.01 (SD).  This was highly conserved between the males.  The Y/17 ratio was then measured 

in the media controls (n = 18) and spent embryo culture media (n = 81) which amplified for 

both targets.  Compared to the control male DNA, the Y/17 ratio was higher in the media 

controls (1.01 ± 0.05) (P = 0.029) and spent embryo media (1.09 ± 0.07) (P < 0.0001).   The 

higher Y/17 ratio values indicate that the DNA in culture media was not derived only from 

males (figure 5.3).  The Y/17 ratio was higher in spent embryo media compared to the control 

media (P = 0.0005).  This indicated that embryo-associated structures were releasing DNA into 
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the spent media with an excess of female-derived DNA.  Taken together, the presence of the Y 

chromosome in spent media does not necessarily indicate a male embryo. 
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Figure 5-3: Y/17 chromosome ratio in male controls (n = 20), media controls (n = 18) and 

spent embryo media (n = 81).  

Compared to the male controls, there was a higher Y/17 ratio in media controls (P = 0.029) and 

spent embryo media (P < 0.0001).  Compared to media controls, spent embryo media had the 

highest ratio, indicating an excess of female-derived DNA (P = 0.0005).  * P ≤ 0.05, *** P ≤ 

0.001, **** P ≤ 0.0001 (Kruskal-Wallis tests with Dunn's multiple comparison tests). 
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5.5.9   Determining whether DNA is released from the embryo  

 

Only those spent embryo media (n = 55) which had levels of DNA above that of the control 

media (based on the chromosome 17 marker) were examined. Therefore this analysis was 

confined to samples which exhibited DNA release from embryo associated structures, with the 

aim of determining whether it was derived from embryonic cells or maternal contaminating 

cells.  Only 20% (11 of the 55) of the embryo media showed increased levels of the Y 

chromosome marker, whereas we would have expected 50% if the additional DNA originated 

from male embryonic cells.  This indicated that there was contamination most likely of 

maternal origin (cumulus cells).   To confirm this finding, a short tandem repeat multiplex 

assay was performed for a subset of spent embryo media (n=10), media controls and their 

corresponding cumulus cells.  While the maternal DNA from cumulus cells successfully 

amplified all loci (excluding the Y chromosome allele), the quantity of DNA in spent embryo 

media and media controls was too low to allow DNA fingerprinting.  The absence of DNA 

profiles was confirmed following optimisation with two different whole genome amplification 

kits.  Thus, the origin of the DNA within spent embryo media could not be confirmed.   



177 
 

   Discussion 

 

In the current study, the level of DNA in spent embryo media was compared to internal media 

controls for each patient using two different genetic platforms (dPCR and qPCR) and three 

types of commercial media.  These controls were cultured alongside each embryo dish in an 

identical manner, but did not come into contact with embryos.  Importantly, these controlled 

for the presence of baseline DNA contamination in the culture media, as well as contamination 

that may arise throughout the culture period or following sample processing.  Previous studies 

analysing DNA in spent embryo media lacked these adequate controls to fully assess the level 

of baseline DNA contamination present in the culture media in an IVF setting (Assou et al. 

2014, Stigliani et al. 2013, Stigliani et al. 2014, Wu et al. 2015).  While culture media ‘straight 

from the bottle’ has been previously assessed, this does not control for contamination that may 

arise during culture or variations that may be apparent across different batches of culture media.  

Further, the levels of baseline DNA contamination have been previously stated to be negligible, 

but insufficient details of the analysis have been reported (Assou et al. 2014, Stigliani et al. 

2013, Stigliani et al. 2014, Wu et al. 2015).  The current study found that there was consistently 

a very low level of DNA contamination in media controls that had not been exposed to 

embryos.  However, the levels of DNA were considerably higher for media that had been 

exposed to embryos, showing that embryo-associated structures released DNA into the spent 

media.  The low baseline level of DNA contamination observed is thought to originate from 

the protein supplement of the culture media, as the highest levels of DNA were seen in 100% 

serum substitute supplement (Irvine) following a separate analysis of the base media and 

protein supplement components of the three commercial culture media.  The major protein 

supplement is human serum albumin, which has a major binding affinity for DNA (Malonga 

et al. 2006, Morbeck et al. 2014).  The occurrence of even a low baseline level of DNA 

contamination in embryo media is an important finding as it may influence genetic analysis.  

Ultimately, the occurrence of contamination will make it challenging to perform genetic 

interpretation in a clinical setting.  However, it is possible that advanced molecular techniques 

such as whole genome sequencing may be able to distinguish between embryonic and 

contaminating DNA, similar to those used for the analysis of cell-free fetal DNA from maternal 

plasma (Xu et al. 2016). 



178 
 

For the first time, the absolute number of nuclear and mitochondrial genome copies in spent 

embryo media was assessed using dPCR, enabling sensitive measurements from a limited 

amount of DNA.  The results of this study demonstrate that the number of nuclear and 

mitochondrial genome copies in the spent embryo media increased from the cleavage stage to 

the blastocyst stage of development, indicating that aspects of pre-implantation development 

may influence the amount of DNA that is released into the culture media.   Additionally, the 

highest numbers of DNA copies were observed in continuous single culture media, indicating 

that DNA accumulates as the culture continues.   At the blastocyst stage, the DNA may 

originate from apoptotic cells, which may occur during normal development (Hardy et al. 1989, 

Hardy et al. 2003).  In mouse embryos however it has been reported that aneuploid cells from 

the fetal lineage may be eliminated by apoptosis (Bolton et al. 2016).  If the DNA present 

within spent culture media, and also blastocoele fluid, does arise from apoptotic cells during 

aneuploidy resolution then this may limit its use for PGS (Hammond et al. 2016b, Tobler et al. 

2015).  Indeed, results from the current study show that there were around 200 copies of 

mtDNA per nuclear genome, in line with the mtDNA copy number of cells of the human 

blastocyst, potentially supporting an apoptotic origin (Van Blerkom 2008).  In contrast, the 

mtDNA copy number of contaminating cumulus cells is only around 10 copies (Cree et al, 

2015).  For this cohort of normally developing blastocysts, the majority (85%) showed either 

no fragmentation or mild levels of fragmentation at the cleavage stage, so it was unlikely that 

fragmentation was the main mechanism of DNA release into the culture media, in contrast to 

the findings of a previous study (Stigliani et al. 2013).     

The number of nuclear genome copies detected in spent embryo media was extremely low, 

being equivalent to around two cells, or two nuclear genomes.  The low dPCR values obtained 

for the nuclear genome resulted in a reduced accuracy due to the extremely limited amount of 

template available for analysis, and thus the interpretation of these results should be treated 

with caution.  Although the majority of spent embryo culture media showed detectable levels 

of the single copy genes following qPCR, including the gene for cystic fibrosis (CFTR), the 

absolute number of copies is low, which would make detection and analysis in a clinical setting 

challenging.  In contrast, around 600 copies of the mitochondrial genome were detected 

following continuous culture.  Multi-copy genes, like those used in the current study (MT-ND1 

and TBC1D3) may serve as more reliable targets for future research. 

With significantly more DNA being detected in spent embryo media compared to controls, an 

aim of the current study was to determine whether it originates from the embryo itself or 
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contaminating cells.  A previous study found that a Y chromosome gene could be detected for 

some spent media samples but not others, concluding that this was due to differences in embryo 

sex (Assou et al. 2014). However, the interpretation was limited because the analysis was not 

performed with respect to media controls for each patient.  The current study found that there 

was a mixture of male and female DNA in media controls and spent embryo media.  For the 

media controls, this probably resulted from both male and female DNA being carried over from 

the protein supplement into the culture media.  Compared to the media controls, embryo 

associated structures released even more female DNA into the spent culture media.  This could 

have been caused by a predominance of female embryos, or alternatively maternal (cumulus) 

cell contamination.  When we examined the apparent sex ratio of spent embryo media which 

had levels of DNA above baseline, only 20% showed the presence of the Y chromosome, 

whereas we would have expected approximately 50%.  Due to the extremely low levels and 

quality of nuclear DNA within spent embryo media, the presence of embryonic DNA could not 

be confirmed by DNA fingerprinting analysis, despite optimisation with two different whole 

genome amplification kits.  Short tandem repeat fingerprinting is a highly technical analysis 

requiring long amplicons. This does not appear to be compatible with the minute quantities of 

potentially highly fragmented DNA derived from spent embryo culture media.  These results 

corroborate with a previous study which was unable to compare the DNA fingerprints of the 

blastocoele fluid with that of the embryo, due to the extremely limited amount of DNA present 

(Poli et al. 2013).  It should be noted that the mtDNA was detected in high abundance, and 

because of its cytoplasm localisation, may be released into the culture media by the developing 

embryo through mechanisms that are independent of the nuclear DNA.  Future studies should 

investigate whether mtDNA abundance in spent embryo media and blastocoele fluid is an 

independent predictor of embryo viability.  Indeed, mtDNA is an emerging biomarker 

candidate, in line with recent studies suggesting that mtDNA abundance within cells of the 

embryo may be correlated to aneuploidy and embryo viability (Diez-Juan et al. 2015, Fragouli 

et al. 2015, Tan et al. 2014). While the current study did not detect an increase in the level of 

DNA following artificial blastocoel collapse, this should be confirmed in line with recent 

studies showing that DNA within blastocoele fluid may have the potential to undergo 

comprehensive chromosome analysis (Gianaroli et al. 2014, Magli et al. 2015, Tobler et al. 

2015).  To fully investigate this possibility, larger studies should investigate the effect of 

blastocyst stage and the degree of blastocoele collapse following laser pulse, with respect to 

the amount of detectable DNA within the embryo culture media.  In addition, artificial 
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blastocoel collapse into the surrounding culture media is routinely performed during the 

vitrification process.  

 

5.6.1   Conclusion 

 

In conclusion, it is possible that further optimisation of the molecular methods used to isolate 

DNA within spent embryo culture media and the genetic platforms used to perform 

downstream analysis may improve the detection rate of embryonic DNA.  To date however, 

there is a lack of definitive evidence that the DNA within spent embryo media and also 

blastocoele fluid, is derived exclusively from cells of the developing embryo.  The current 

study demonstrates that there is DNA contamination within the culture media following 

manufacture, and suggests that cumulus cells may also contribute to the additional DNA 

detected in spent embryo media.  It is possible that additional precautions could be taken to 

reduce the amount of genetic contamination, for example, more thorough cumulus cell 

denudation.  However, any DNA originating from apoptotic cells of the embryo may not 

accurately represent the embryo (Bolton et al. 2016).  Further studies which aim to rigorously 

evaluate the origin of the DNA, whilst including the adequate controls to account for false 

positive amplification are needed.  Thus, at this time it is unlikely that spent embryo culture 

media could be used for the genetic assessment of embryos clinically, and this will need to 

undergo rigorous testing before it could ever be considered. 
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   Afterword 

 

This chapter provides a critical analysis of the nuclear and mtDNA in spent embryo culture 

media.  Through comparisons with media controls, embryo associated structures were found 

to release DNA into their surrounding culture media.   This phenomenon was more apparent at 

the blastocyst stage of development.  While no increase in DNA was detected after the 

blastocoele fluid cavity had been artificially dispersed into the surrounding culture media, this 

concept should be investigated in a larger study.  Cumulus cells that remain associated with the 

embryo were found to contribute to the nuclear DNA detected within spent embryo media.  

There was preliminary evidence that the nuclear DNA did have some embryonic origin, shown 

by the presence of Y chromosome DNA above background.  This was investigated further by 

DNA fingerprinting analysis, however no profiles could be obtained due to the extremely low 

levels of nuclear DNA.   

The high number of mtDNA copies detected in spent embryo culture media was of particular 

interest.  It is conceivable that this may be more reflective of the high mtDNA copy number of 

the pre-implantation embryo, rather than the low copy number of the cumulus cells.  It is 

possible that mtDNA may be released from embryonic cells independently of the nuclear DNA, 

and this may serve some purpose within the biology of the pre-implantation embryo.  The data 

presented in this chapter was selected for an oral presentation at the Asia Pacific Initiative on 

Reproduction in April, 2016, Indonesia. The data was well received by peers and the Chair 

acknowledged the significance of characterising the background levels of genetic 

contamination within the embryo culture media.   

It is imperative that the presence of embryonic DNA within spent embryo media is confirmed 

by future studies.  To reach this end point, rigorous optimisation will be required to maximise 

the amount of DNA isolated from spent embryo media.  It is likely that the column-based DNA 

extraction methodology used in the current study and in previous studies (Stigliani et al. 2013, 

Stigliani et al. 2014) may fail to isolate all of the genetic material present within the spent 

embryo media.  It is possible that alternative methodologies may be optimised to increase the 

amount of DNA isolated from spent embryo media.  In addition to maximising the amount of 

DNA detected, a reliable methodology for DNA fingerprinting analysis should be optimised 

for the nuclear DNA present within spent embryo media.  This may involve the utilisation of 
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SNP based fingerprinting rather than short tandem repeat fingerprinting, due to the ability to 

target highly fragmented DNA (Treff et al.2010).  

Answers to the fundamental basic science questions that underlie the phenomenon of cell-free 

DNA within the spent embryo culture media and blastocoele fluid will need to be addressed by 

future studies.  Animal studies, potentially using bovine or mouse embryos, will be a valuable 

tool.  In such studies, the embryos can undergo further manipulation to reduce contamination.  

This may involve thorough cumulus cell denudation or removal of the polar bodies prior to 

culture media sampling.  The culture system could also be optimised to maximise the detection 

rate of embryonic DNA.  The embryos could be cultured until they were fully hatched to 

determine whether advancing blastocyst development, or higher cell number, increased the 

level of detectable DNA.  In parallel, the blastocoele fluid could be sampled at a number of 

time points, and also undergo artificial collapse for assessment in the culture media.  The 

trophectoderm and inner cell mass of the embryo could undergo genetic analysis for 

comparison with cell-free DNA in spent embryo media and the blastocoele fluid. 

Since this manuscript has been recently published, there have been no further published studies 

investigating DNA in spent embryo culture media and blastocoele fluid. Within the last year, 

a number of studies have explored metabolomic, proteomic and transcriptomic avenues within 

spent embryo culture media (Capalbo et al. 2016b, Dominguez et al. 2015, Li et al. 2015).  This 

shows an emerging interest in spent embryo culture media as a mode of viability assessment.  

The reason being that it is can be analysed in a completely non-invasive manner.  Spent embryo 

culture media can also be collected simply, without needing highly skilled professionals.   

If it was definitively proven that embryonic DNA could be isolated from spent embryo media 

then this could lead to a myriad of new research horizons. It is was shown that the DNA 

accurately represented the chromosomal complement of the embryo, then genetic assessment 

may become more accessible to patients, and reduce the ‘add on’ expenses to an already costly 

IVF cycle.  It may also have the potential to offer valuable molecular information about embryo 

viability, possibly through analysis of the mtDNA.  The low levels of molecules detected within 

spent embryo culture media should be acknowledged as a limitation however.  It is possible 

that advancing technologies may promote the meaningful detection of embryo secreted 

molecules in future.  

If embryo genetics could be assessed non-invasively, this may transform the way that embryos 

are selected in future.  Since the first reports of PGD over 25 years ago (Handyside et al. 1989), 
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advancing technology has been the major driving force behind clinical update.  An accurate 

diagnosis of embryo genetics can now be obtained from the limited amount of biological 

material available following biopsy.  This has been made possible through the development of 

effective methods for DNA amplification and comprehensive genetic analysis.  Building upon 

these methods to potentially maximise the detection of embryonic DNA and reduce 

contamination within spent embryo media, will be one step towards assessing this as a mode 

of viability assessment.  With further advancement, it is possible that in the future, embryo 

derived cell-free DNA may be utilised for the genetic assessment of embryos non-invasively.   
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Chapter 6  
Conclusions 
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   Summary of findings 

 

The implementation of single embryo transfer for all patients will be greatly facilitated by the 

development of biomarkers that accurately diagnose embryo viability.  The aim of this thesis 

was to identify key aspects of oocyte and embryo biology that may be utilised during the 

investigation of novel, non-invasive and clinically feasible biomarkers in human IVF.  To 

explore new avenues in the search for non-invasive biomarkers of embryo viability, novel 

aspects of embryo physiology were examined.  This thesis firstly characterised the integrity of 

the mitochondrial genome of oocytes following ageing and ovarian stimulation.  Secondly, this 

thesis evaluated candidate biomarkers of embryo viability; cumulus cell gene expression, time-

lapse parameters and DNA within spent embryo culture media.   

The mitochondrial genome, despite being an important genetic component of the early pre-

implantation embryo, has received little exploration when compared to nuclear genetics.  It is 

well known that euploidy is one of the most important factors that determines embryo viability 

(Munné et al. 2016).  However, the mitochondrial genome is emerging as an additional genetic 

element that may be able to impart information about embryo potential (Fragouli and Wells 

2015).  This is particularly relevant given that recent studies suggest that mitochondrial genome 

abundance may be linked to aneuploidy, female age and may be an independent biomarker of 

viability for euploid embryos (Diez-Juan et al. 2015, Fragouli et al. 2015, Tan et al. 2014).  

The first aim of this thesis was to determine whether the integrity of the mitochondrial genome 

may influence oocyte viability.  For the first time, this thesis has explored the integrity of the 

mitochondrial genome in oocytes following ovarian ageing and increasing doses of ovarian 

stimulation (chapter 3).  Oocytes were obtained from a novel bovine model of human IVF.  

This model utilised cloned cows, due to the intrinsic genetic and environmental variability that 

limits human studies, along with ethical issues and difficulty in obtaining human oocytes for 

research purposes.  The integrity of the mitochondrial genome was characterised by analysing 

the presence of large scale mitochondrial deletions and the frequency of mtDNA heteroplasmy 

in individual oocytes.  This is the first description of a comprehensive mtDNA mutation 

analysis in viable oocytes, in relation to ageing and ovarian stimulation.   

It was found that mitochondrial deletions were more common in oocytes after ovarian ageing.  

This may represent a genetic vulnerability that arises following ovarian ageing, which may be 
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additional to, or associated with, aneuploidy.   Conversely, the levels of mtDNA heteroplasmy 

in oocytes were low, and did not increase following either ageing or ovarian stimulation.  This 

novel study is the first to quantify the frequency and level of mtDNA heteroplasmies in oocytes 

using comprehensive next generation sequencing (NGS) technologies.  Thus, this is an 

important finding that contributes to the knowledge of the mitochondrial genome of oocytes 

from both a basic biology and clinical standpoint (Hammond et al. 2016a) (chapter 3).  

Following the analysis of key aspects of oocyte genetics, this thesis aimed to gain insight into 

three non-invasive biomarkers of embryo viability for their clinical potential in human IVF 

(chapters 4 and 5).  The three candidate biomarkers investigated were; cumulus cells, time-

lapse parameters and spent embryo culture media. Previous studies have suggested that 

transcriptomic analysis of cumulus cells may offer meaningful information about the viability 

of individual oocytes (Ekart et al. 2013, Feuerstein et al. 2012, Wathlet et al. 2011).  

Additionally, time-lapse parameters have been nominated for their ability to objectively 

quantify early pre-implantation embryo development and predict developmental competence 

(Kirkegaard et al. 2013, Meseguer et al. 2011, Wong et al. 2010).  Recently, it has been 

suggested that spent embryo culture media may contain valuable molecular information, 

including DNA, which may be utilised during viability assessment (Assou et al. 2014, Stigliani 

et al. 2014).  This biomarker research was encouraged by the fact that New Zealand has one of 

the highest rates of single embryo transfer, promoting robust research into non-invasive 

biomarkers of embryo viability (Macaldowie et al. 2015).   

The second aim of this thesis was to analyse the expression of cumulus cell viability genes 

together with early time-lapse parameters in parallel for the same cohort of embryos (chapter 

4).  This study tested the novel strategy of combining non-invasive biomarkers for improved 

embryo selection.  Candidate viability genes in cumulus cells were selected based on their 

contribution to the ovarian microenvironment.  For time-lapse parameters, previous studies did 

not normalise their data, which may have introduced inaccuracies in the reported timings 

between embryos.  In this thesis, time-lapse parameters were normalised to pro-nuclear 

breakdown as a novel method of overcoming these inaccuracies.  Early time-lapse parameters 

and cell cycle times were analysed.   

Candidate genes involved in energy metabolism, mitochondrial biogenesis, signalling, 

steroidogenesis and cell stress correlated to time-lapse parameters of the developing embryo 

(chapter 4).  This consolidates the concept that the ovarian microenvironment in which the 
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oocyte developed reflects the future development of the pre-implantation embryo.  Expression 

levels of some of the candidate genes in cumulus cells, as well as the time taken to reach four 

cells, were predictive of blastocyst quality, providing evidence that aspects of these non-

invasive biomarkers obtained early in culture have the potential to predict embryo viability.  

This thesis then aimed to test whether these two biomarkers could be combined to improve 

biomarker selection.  While the resulting model did not have significant predictive abilities, 

this should be investigated in larger studies as the concept of combining different non-invasive 

biomarkers to establish stronger predictions is novel (Hammond et al. 2015) (chapter 4).  This 

is particularly topical given recent trends that are driving the clinical uptake of time-lapse 

monitoring systems for constant monitoring and undisturbed culture, which may promote the 

use of time-lapse parameters alongside other non-invasive biomarkers.  

The third aim of this thesis was to characterise DNA within spent embryo culture media as a 

completely novel biomarker of embryo viability (chapter 5).  This followed the very recent 

discovery that blastocoele fluid and embryo culture media contain very low levels of DNA 

(Stigliani et al. 2014, Magli et al. 2015, Tobler et al. 2015).  Little is known about the 

composition and origin of this DNA however, and its presence within the culture media is a 

curious finding.  This thesis aimed to critically determine the potential of this newly discovered 

genetic material to be a candidate biomarker of embryo viability.   

This thesis examined the DNA within spent embryo media, and following the artificial collapse 

of blastocoele fluid into the surrounding culture media prior to vitrification (chapter 5).  

Previous studies that detected this DNA lacked the ideal experimental controls to gauge the 

levels of background contamination within the culture media system (Hammond et al. 2016b).  

This was principally determined in this thesis by using media controls for each patient, which 

were cultured in an identical manner to embryo media, but did not come into contact with 

embryos.  Three types of commercial cultured media were investigated, and two different 

genetic platforms were optimised to detect the extremely low levels of DNA.  Both the nuclear 

and mitochondrial genome were characterised, along with the Y chromosome for the 

assessment of DNA origin.  

Embryo associated structures were found to release DNA into their surrounding media.  Very 

low levels of nuclear DNA were detected in spent embryo culture media.  Comparatively higher 

levels of mtDNA were detected, pinpointing this multi-copy genome as an attractive target for 

future research.  The levels of DNA increased at the blastocysts stage of development, 
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suggesting that aspects of embryo development influenced the composition of DNA present in 

the spent embryo media.  The DNA appeared to be of mixed origin, with a contribution from 

the culture media itself and from a maternal origin, most likely cumulus cells.  Following a 

subset analysis, the level of DNA did not increase following artificial blastocoele collapse, 

however this should be investigated further in larger studies.  There was preliminary evidence 

that embryo-derived DNA could be detected in some samples, due to the presence of Y 

chromosome DNA above background.  DNA fingerprinting analysis was attempted to confirm 

this finding, however no DNA profiles could be obtained from the low levels of genetic 

material within the culture media.   

Conclusive evidence of embryonic DNA within spent embryo media is necessary to determine 

whether this could ever represent a non-invasive way to assess embryo genetics.  If the presence 

of embryonic DNA is confirmed, then it will need to undergo further characterisation for its 

ability to accurately represent the genetics of the embryo itself, rather than apoptotic cells of 

the embryo which may have been lost during aneuploidy resolution (Bolton et al. 2016).  

Results from this thesis have provided evidence that there is genetic contamination within the 

culture media system, and this will need to be addressed by future studies which aim to detect 

embryonic DNA.  It is possible that the cumulus cells could undergo a thorough denudation 

(Wu et al. 2015) and the polar bodies could be removed from the embryo, in order to reduce 

contamination arising from embryo associated structures. Ultimately, future studies are 

required to further elucidate DNA within spent embryo media, whilst employing rigorous 

controls for genetic contamination and false positive amplification.  This research is warranted, 

as the detection of embryonic DNA within spent embryo culture media may have the potential 

to be used for PGS, PGD or as a biomarker for embryo viability assessment.  

 

   Limitations  

 

Research into the pre-implantation development of the human embryo is constitutionally 

limited by ethical constraints.  Many countries such as New Zealand, do not allow human 

embryos to be used for the purposes of research (ACART 2016, Jones 2014).  For countries 

such as the UK that do allow this, it is difficult to obtain surplus oocytes and embryos from 

couples undertaking IVF treatment for the purposes of research (Jones 2014).  Studies that do 
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obtain ethical approval are often limited to performing research on non-viable oocytes and 

embryos, which fundamentally restricts the level of applicability to the normally developing 

embryo.  

In this thesis, this was overcome through the use of viable oocytes from bovine clones in a 

novel model of human IVF.  Through this model, the genetic and environmental variability 

was reduced.  Oocytes were obtained following multiple rounds of natural, mild and standard 

ovarian stimulation, this being ethically impossible to achieve in humans (chapter 3).  While 

cows have similar reproductive characteristics to humans, being mono-ovular and having a 

similar follicle size, in general animal models remain limited in their ability to mimic the 

extremely complex process of human reproduction in a clinical IVF setting (Adams et al. 2008, 

Menezo and Herubel 2002).  Translation of the research findings to the human situation should 

therefore always be performed with caution, and acknowledged as a limitation.  On the basis 

of this thesis however, these findings offer fundamental knowledge that can be applied to 

further elucidate this concept in human studies (chapter 3).  

The heterogeneity of patients within an IVF context was another limiting factor in this thesis.  

For our clinical studies, there were differences in ovarian stimulation, female age and reasons 

for infertility between patients (chapters 4 and 5).  It is known that these factors can cause 

variation within the cohort of embryos studied, and this has the potential to impact on results.  

While this is a limitation, it is difficult to study a homogeneous patient cohort within a general 

IVF setting because of the complex aetiology and treatment of infertility within IVF clinics.  

While there may be some differences, our normalised time-lapse monitoring data revealed that 

the timing of early cleavage events in the pre-implantation embryo is highly conserved between 

different patients (chapter 4).  It is possible that factors such as cumulus cell gene expression 

however, may be more susceptible to patient variation (chapter 4).   

Studies that use large cohorts of young oocyte donors may have the added benefit of reducing 

heterogeneity between patients, thus providing valuable, controlled data (Meseguer et al. 

2012).  However, these types of studies may be limited in their applicability to general IVF 

practice.  When testing biomarkers (chapters 4 and 5), analyses using heterogeneous IVF 

populations will offer more applicability for their assessment in a universal clinical setting.  

Basic biological principles on the other hand, like those presented in the current thesis (chapter 

3), should alternatively be established within highly controlled patient populations and animal 

models.   
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Studies investigating the biology of ovarian follicles, oocytes and pre-implantation embryos, 

are inherently limited by the low levels of molecular template that is available for analysis.  

This assessment is often limited to a single mass of follicular cells (chapter 4), individual 

oocytes (chapter 3), polar bodies, individual embryos, or only a single cell or limited number 

of cells of the embryo.  In recent years the sensitivity of various molecular techniques have 

improved to enable the analysis of very limited template, and these have been utilised in the 

current study to be able to obtain quality molecular data.  For oocyte studies (chapter 3), the 

mitochondrial genome was enriched using a two-step nested protocol for long-range PCR, 

using a highly sensitive amplification system.  For studies investigating gene expression in 

single cumulus cell masses (chapter 4) the cDNA template underwent targeted pre-

amplification in order to obtain reliable data.   

The exploration of novel and non-invasive biomarkers of embryo developmental competence 

however is notoriously limited by the minute amounts of biological material available for 

analysis.  Even so, it is the assessment of biological information that has been obtained non-

invasively that reduces interference and potential risk to the embryo.  In this thesis, this 

presented a challenge when performing molecular analysis on the extremely limited amount of 

DNA available in the spent embryo culture media (chapter 5).  The levels of nuclear genetic 

template were so low that they fell below the limit of reliable quantification for some samples.  

Although this reduced the accuracy of the quantification results, this was approached with the 

most sensitive molecular methodologies currently available.  It should be noted however that 

some methodologies used to detect extremely low template DNA, such as whole genome 

amplification, may introduce amplification bias such as allele dropout, ultimately 

compromising genetic analysis (Huang et al. 2015).  Nonetheless, in recent years, there have 

been significant advancements in the molecular platforms that are used to analyse such small 

quantities of biological material.  With further development, it is likely that in the future there 

may be additional opportunity to obtain a highly reliable diagnosis from an extremely limited 

amount of biological material in human IVF.  
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   Clinical implications and future directions 

 

The development of the human pre-implantation embryo is a complex and dynamic process. 

However, aspects of the central biology that underlie this process are still an enigma.  Basic 

science studies will continue to reveal the factors that underpin embryo viability for clinical 

translation.  The investigations presented in this thesis are novel, and contribute to the scientific 

knowledge of embryo viability.  An improved understanding of embryo viability will greatly 

facilitate the development of novel methods for embryo selection in clinical IVF practice.  

Accumulating research within the fields of embryo mitochondrial research, time-lapse 

monitoring, genetic testing and biomarker profiling will contribute to the development of such 

strategies.  In future, this will have the potential to introduce novel paradigms for the way that 

human embryo viability is diagnosed.  Here, a critical deliberation of the future studies that are 

required to build upon these paradigms, along with the practical, financial and ethical 

considerations will be proposed.  This will be summarised in view of the ultimate goal of this 

research; to reduce the time to a healthy pregnancy for patients who have already gone through 

emotionally and physically invasive IVF procedures. 

 

6.3.1   Mitochondria and embryo viability 

 

Mitochondrial homeostasis may be a key determinant of embryo viability (Fragouli and Wells 

2015).  Oocyte mitochondria may be disrupted by ageing and ovarian stimulation, during the 

acquisition of developmental competence within the ovary.  Disruption of the mitochondria 

may cause physiological changes within the embryo that hinder successful development.  For 

the first time, this thesis has investigated the integrity of the mitochondrial genome in bovine 

oocytes after ageing and ovarian stimulation (chapter 3).  Significant questions remain with 

respect to human oocytes and embryos however, and this continues to be relatively unchartered, 

mainly due to ethical constraints.   

Future studies are required to characterise mtDNA abundance, deletions and heteroplasmy in 

surplus human oocytes and embryos.  It seems logical that mitochondrial metabolism is a 

driving force behind successful pre-implantation development (Fragouli and Wells 2015).  

However, the dynamic nature in which this occurs is inadequately understood.  While a number 
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of studies have observed mitochondrial changes that potentially impact or reflect embryo 

viability, the connections between these findings remain elusive.  Thus, it will be important to 

build a complete picture of the dynamic mitochondrial system throughout oogenesis and pre-

implantation development. This will develop the necessary biological understanding for 

clinical application.  

Despite this lack of understanding, there is a continuing search for possible interventions that 

can re-establish mitochondrial homeostasis within the embryo to improve reproductive 

outcomes.  Among such interventions is supplementation with coenzyme Q10, an essential 

subunit of the electron transport chain (Meldrum et al. 2016).  Coenzyme Q10 supplementation 

shows promising reproductive outcomes in mice.  One study demonstrated that mitochondrial 

activity could be increased with coenzyme Q10 supplementation in oocytes from 

reproductively aged mice (Ben-Meir et al. 2015).  A randomised control trial in humans 

examined the effect of two months of coenzyme Q10 supplementation on oocyte aneuploidy 

in around 40 patients, however no differences were observed compared to the control group 

(Bentov et al. 2014).  Larger clinical studies are needed to determine whether supplementation 

can improve mitochondrial homeostasis and reproductive outcomes, especially following 

ageing (Meldrum et al. 2016).  At the current time, there is a lack of evidence to advise the use 

of mitochondrial supplements during IVF.   

Mitochondrial transfer has been proposed as a method to restore energetic status within poor 

quality oocytes.  Mitochondrial transfer was initially performed by microinjecting cytoplasm 

from oocytes retrieved from young donors to oocytes that were of poor quality from 

reproductively older women (Cohen et al. 1998, Barrit et al. 2001).  This procedure was applied 

clinically for patients with recurrent implantation failure, and resulted in the birth of a number 

of children worldwide (Barrit et al. 2001).  However the procedure was subsequently banned 

in the US due to reports that the resulting offspring exhibited mtDNA heteroplasmy (Harvey 

et al. 2007).  Due to the small sample size, it is unknown what effect this treatment had on the 

health of the resulting children (Harvey et al. 2007). 

In recent times, there has been renewed interest in mitochondrial transfer techniques. A fairly 

radical treatment involving the injection of autologous mitochondria into the oocyte has been 

proposed to remedy poor oocyte quality (Chappel 2013, Woods and Tilly 2015).  The 

treatment, termed autologous germline mitochondrial energy transfer (AUGMENT), involves 

ovarian tissue biopsy in order to isolate oocyte precursor cells and their mitochondria.  The 
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mitochondria are then purified and injected into the oocyte during ICSI (Woods and Tilly 

2015).  The existence and isolation of oocyte precursor cells has remained fiercely 

controversial within the field.  Despite the appeal for further examination, autologous 

mitochondrial transfer is already being used clinically to boost oocyte quality (Oktay et al. 

2015).  The effectiveness of this procedure is yet to be proven.   

Rigorous studies are not only needed to prove the existence of oocyte precursor cells, but to 

assess mitochondrial transfer from a basic biology perspective.  With regards to the results 

presented in this thesis, it is imperative that the mtDNA of the isolated mitochondria is 

sequenced for deletions and heteroplasmy (chapter 3).  This is needed to understand exactly 

what is being introduced into oocytes from a genetic perspective.  A recent porcine study 

demonstrated that the injection of autologous mitochondria obtained from viable oocytes could 

rescue non-viable oocytes.  Mitochondrial supplementation promoted mtDNA replication and 

resulted in higher rates of blastocyst formation, providing evidence that this technique may 

have the potential to improve embryo viability (Cagnone et al. 2016).  In humans, the optimal 

number of mitochondria needed for transfer, as well as their viability and persistence within 

the embryo, will need to be clearly defined.  Further, the clinical outcomes following 

autologous mitochondrial transfer will need to be thoroughly investigated by well controlled 

trials.  Considering that this is a costly, invasive and highly technical intervention, high quality 

data is needed before wide spread application of this procedure could ever be contemplated.  

 

6.3.2   Time-lapse monitoring  

 

The role that time-lapse microscopy will have within clinical IVF practice is still evolving.  

The introduction of these systems do have the potential to profoundly change the way that 

embryos are cultured and evaluated.  It does seem logical that the ability to map an embryos 

development will generate more information with which to select or de-select it for transfer.  

The idea of performing uninterrupted culture is also compelling (Racowsky et al. 2015).  

Previously, improvements within our culture systems have led to better embryology and higher 

rates of reproductive success (Chronopoulou and Harper 2015).  It is hoped that time-lapse 

incubators and undisturbed culture will be able to contribute further benefits during the in vitro 

culture of human embryos.  
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Despite this notion, the decision to implement time-lapse monitoring for all patients should not 

be taken lightly.  Although there has been a surge of studies aiming to evaluate the clinical 

effectiveness of time-lapse monitoring over the last few years, we still are still lacking the 

definitive conclusion as to whether it can universally improve patient outcomes (Kirkegaard et 

al. 2015, Racowsky et al. 2015).  The results presented in the current thesis suggest that there 

may be some predictive ability of time-lapse parameters, but like other studies, the extent to 

which this data is clinically viable is not yet fully understood (chapter 4).   

It should be acknowledged that obtaining the unbiased data that is necessary to uncover the 

true effectiveness of time-lapse monitoring will not be an easy task.  Collectively, the studies 

published to date are limited by the heterogeneous populations of patients across different IVF 

centres.  Data is also confounded by different laboratory environments. Variations in 

incubators, gas compositions, culture media and methods of performing standard 

morphological evaluation make it difficult to tease out the meaningful data and the effect of 

confounding variables within such studies.  Further, there are a number of different time-lapse 

monitoring systems available, employing different incubators, microscopes, culture dishes and 

analysis software.  It will also be necessary to delineate patient factors that may modulate time-

lapse parameters in order to adjust algorithms for certain IVF populations.  Rigorous studies 

that generate clear, meaningful and clinically relevant data should be at the forefront of time-

lapse research (Kirkegaard et al. 2015, Racowsky et al. 2015).  

It will be necessary to perform an economic evaluation of time-lapse systems (Armstrong et al. 

2015b).  Many IVF centres are now offering this system as an option for patients.  However, it 

is currently unclear what the value of the time-lapse ‘add on’ actually is.  If futures studies do 

give a consensus for a universal improvement in pregnancy rates, even to a slight degree, then 

this will be invaluable to patients.  If it is found that time-lapse can reduce the time to 

pregnancy, then this technology will be of clear benefit to patients who have already gone 

through invasive IVF procedures.   

From a research prospective, there is no doubt that time-lapse has become a valuable research 

tool (chapter 4).  Constant monitoring has contributed vast amounts of knowledge of the pre-

implantation development of the human embryo (Kirkegaard et al. 2015, Racowsky et al. 

2015).  In future, studies should continue to incorporate time-lapse parameters into their design 

when evaluating and implementing changes in the laboratory and when researching particular 
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patient groups.   This will result in better quality embryology data due to a high number of 

objective parameters for embryo assessment.   

 

6.3.3   Genetic testing  

 

In the last few years, there have been a number of studies that have provided encouraging data 

supporting the use of PGS with comprehensive chromosome screening (CCS) at the blastocyst 

stage (Forman et al. 2013, Scott Jr. et al. 2013b, Yang et al. 2012).  The universal application 

of PGS is still queried however.  It was clouded by the past failure of FISH in conjunction with 

blastomere biopsy to improve reproductive outcomes, which was implemented before the 

correct randomised clinical trials were performed.  It was found that this approach to PGS 

significantly reduced the rate of live birth from 26% to 18% (Mastenbroek et al. 2011).  The 

blastocyst does appear to be more robust compared to the fragile cleavage stage embryo and 

following trophectoderm biopsy, a smaller proportion of cells are removed from the embryo 

(Scott Jr et al. 2013a).  There is certainly much more evidence for the application of CCS at 

the blastocyst stage, however there are still concerns regarding the invasive nature of the 

procedure (Dahdouh et al. 2015a).  

The level of invasion of a trophectoderm biopsy may be determined by a number of different 

factors.  A recent study has shown that between 2 and 15 cells are removed from the 

trophectoderm during biopsy (Capalbo et al. 2016a).  The level of invasion of a trophectoderm 

biopsy may therefore depend on the number of cells removed and the quality of the blastocyst, 

in terms of how many cells it possesses.  Additionally, because this is a highly technical 

procedure, the embryo may be exposed to suboptimal conditions during more difficult biopsies.  

Future research should focus on answering whether trophectoderm biopsy, or even extended 

culture in some patients, does have the potential to reduce the developmental potential of the 

embryo.  Research into how the risk to the embryo could be minimised, or non-invasive 

biomarkers that could substitute for the biopsy procedure all together, is warranted (Gardner et 

al. 2015).   

In addition, an economic validation is still needed for PGS.  Being a highly specialised 

procedure, trophectoderm biopsy also requires a large amount of labour, expertise and 

specialised equipment.  This may not be feasible in some laboratories, especially within 
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developing countries.  For centres that are implementing PGS, there still debate as to whether 

it should be offered to all patients to improve embryo selection during single embryo transfer 

or indicated only for recurrent miscarriage, repeated implantation failure or advanced maternal 

age (Sermon et al. 2016).  Further, its applicability to poor responders which are limited in the 

number of embryos available for biopsy is a concern (Mersereau et al. 2008).   

Currently, the detection of chromosomal mosaicism within an embryo is problematic.  Not only 

does the accuracy of mosaicism detection vary between the different genetic platforms 

available, but the interpretation of the data remains elusive.  The decision to transfer a mosaic 

embryo may be complicated by the levels detected and the chromosome or chromosomes 

involved (Sermon et al. 2016).  A number of healthy live births have been reported following 

the transfer of a mosaic embryo (Greco et al.2015, Taylor et al. 2014).  Ultimately, the clinical 

significance of mosaicism is not yet fully understood and studies should aim to develop clear 

guidelines for the transfer of these embryos.  

Minimally invasive procedures may play some role in the way that embryos are genetically 

tested in the future (chapter 5) (Magli et al. 2015, Tobler et al. 2015).  DNA within blastocoele 

fluid and spent embryo culture media may be an additional genetic resource that can be utilised.  

If optimised to overcome the limited amount of DNA available for analysis and potential 

contamination, then these may benefit embryo culture by being minimally (blastocoele fluid) 

or completely (spent embryo media) non-invasive.  Further, these procedures are less technical 

compared to embryo biopsy, and may therefore improve accessibility to genetic testing by 

reducing the specialised resources required by the embryology laboratory.  Future studies 

should examine these methods for their potential to select the most viable embryo for transfer.  

Even if they are not able to completely replicate the results of PGS, they may provide some 

additional value to viability prediction.  Potentially, this may involve the mtDNA, which has 

the added advantage of being less challenging to detect.  It is possible the DNA may be able to 

be used for the diagnosis of single gene disorders in PGD, however this needs to be rigorously 

evaluated. 

It is known that being euploid does not confer full viability.  The transfer of a viable euploid 

embryo must also coincide with the window of implantation in order for trophectoderm and 

endometrial interactions to be successful (Casper and Yanushpolsky 2016, Díaz-Gimeno et al. 

2013, Mahajan 2015).  Aside from euploidy, it will be important to establish whether the 

mitochondrial genome is an additional genetic determinant of embryo viability (Diez-Juan et 
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al. 2015, Fragouli et al. 2015, Tan et al. 2014).  While it has been proposed that low mtDNA 

content can predict implantation in euploid embryos, key physiological questions remain and 

this should be an active area of investigation.  It will be important to determine whether a 

threshold for mtDNA level (Fragouli et al. 2015) will be sufficient for de-selecting embryos, 

or whether a mtDNA score will be more useful for ranking embryos for transfer (Diez-Juan et 

al. 2015). Importantly, paired embryo studies, with multiple transfers per patient, will be 

required to determine the true selection ability of mtDNA abundance for embryos within a 

patient cohort.  There is still conflicting data as to whether mtDNA abundance scores can also 

be applied to blastomere biopsy (Diez-Juan et al. 2015, Fragouli et al. 2015).   

The relationship between embryo morphology and mtDNA level will need to undergo further 

consideration.  At the blastocyst stage, smaller or more advanced trophectoderm cells will 

innately exhibit a lower mtDNA number, and therefore low levels of mtDNA may indicate a 

higher grade blastocyst rather than be an independent measure of embryo viability.  Although 

one study did report that mtDNA level does not appear to correlate to blastocyst grade, this 

will need to thoroughly investigated (Fragouli et al. 2015).  Ultimately, data from large 

randomised clinical trials will further our understanding of the potential clinical benefit of 

mtDNA abundance testing. 

From a biological standpoint, mitochondrial biogenesis is a dynamic process and the 

measurement of mtDNA copy number does not necessarily represent the number of 

mitochondria within cells of the embryo.  Therefore, it will be necessary to perform a functional 

analysis of mitochondria, alongside mtDNA abundance measurements, to determine the 

physiological relationship which underlies the correlation to embryo viability.  It will also be 

important to determine the distribution of the mtDNA between the different cells of the 

trophectoderm and inner cell mass during progression to the blastocyst stage.   

Further, the influence of chromosomal aneuploidy on the segregation patterns and biogenesis 

of the mitochondrial genome will need to be studied.  It is predicted that over the next few 

years there will be an influx of NGS data that will help answer these questions (chapter 3). As 

NGS becomes more accessible, deeper sequencing may be able to uncover large scale mtDNA 

deletions and heteroplasmy in biopsied embryos, in addition to mtDNA content (Wells et al 

2014).  If mtDNA abundance was found to indicate cellular energy and stress status within the 

embryo, then it may also be a valuable research tool for assessing the effect of culture 

conditions on embryo viability.  With further research into the potential biological mechanisms, 
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it may be possible to manipulate culture conditions or introduce supplements that restore 

mitochondrial function in poor quality embryos. 

 

6.3.4   Biomarker profiling  

 

Biomarkers which objectively indicate embryo viability will improve IVF outcomes.  The ideal 

biomarker would be completely non-invasive and reduce embryo handling and exposure to 

suboptimal conditions.  The discovery of novel biomarkers should be coupled with extensive 

validation of their accuracy, reproducibility and reliability (Strimbu and Tavel 2010).  There 

should be a focus on collecting robust biological measurements, which are easily standardised 

for their application across different settings.  The ability of novel biomarkers to translate from 

the research laboratory into a diagnostic test within a clinical setting should also be considered 

(Strimbu and Tavel 2010).  Biomarkers which are easy to measure, and those that can be 

measured internally within the IVF laboratory, will be the most valuable.  This has the potential 

to reduce the time that the embryo spends in culture, which may be beneficial to embryo 

viability, but also streamline IVF processes.  Cost effective biomarkers which require minimal 

labour, specialised equipment, resources and training will receive the highest uptake (Strimbu 

and Tavel 2010).  Proof of principle testing should be followed by prospective studies and 

randomised control trials to assess the predictive value for pregnancy and live birth.  

Navigating the non-invasive predictions that can be obtained through the accessible biological 

material that is associated with the embryo, as well as morphokinetic evaluations, will advance 

the search for accurate biomarkers (Gardner et al 2015).  Future studies should further 

characterise the unique aspects of non-invasive biomarkers that are available for examination 

during embryo culture, namely cumulus cells (chapter 4), time-lapse parameters (chapter 4) 

and spent embryo culture media (chapter 5).  Additionally, blastocoele fluid (chapter 5) should 

be explored for its potential to hold a number of secreted molecules that may uncover novel 

aspects of embryo viability (Magli et al. 2015, Capalbo et al. 2016b).  It is possible that different 

biomarkers could be used alone or alternatively in combination with one another, along with 

embryo morphology to create stronger predictions (chapter 4).    

Future research should aim to profile and document the complex kinetic, genetic and molecular 

development of the pre-implantation embryo, and how these interact to confer overall 
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developmental competency.  In the future, cutting edge technologies may allow for the 

simultaneous measurements of a number of different parameters, not just confined to genetics 

and time-lapse, but also other ‘omic’ measures for the molecular assessment of embryo 

physiology (Gardner et al. 2015).  Technologies that allow real time monitoring of embryo 

metabolism, in conjunction with time-lapse microscopy, could be an attractive proposal for 

progress in the near future (Gardner et al. 2015, Tejera et al. 2016).  It is envisaged that these 

advancements will primarily occur in conjunction with time-lapse monitoring, due to the 

advantages of continuous monitoring and undisturbed culture.  With an influx of previously 

unchartered information we will undoubtedly be able to build a complex network of 

developmental determinants for the pre-implantation embryo, further contributing to the 

knowledge base of the human embryo for clinical application.  

 

   Concluding Remarks  

 

The search for novel, accurate and non-invasive biomarkers of embryo viability in this thesis 

is justified by the demand for a global shift towards single embryo transfer for safer IVF 

practice.  As we continue the search for biomarkers, we will need to research fundamental 

aspects of embryo biology and embrace emerging technologies. This will enable the 

development of accurate and feasible ways to diagnose embryo viability.  With advanced 

biological, morphokinetic, genetic and molecular screening tools, sophisticated biomarkers can 

be developed and tailored to IVF practice.  It is unquestionable that future advancements in 

molecular platforms used to analyse minute quantities of biological material and novel 

laboratory technologies will constitute a major leap towards more successful IVF practice.  

This thesis has contributed to the current knowledge base of biomarkers for the assessment of 

embryo viability, which are valuable early steps towards this translational research goal.  
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Table 7-1: Nucleotide primer sequences for mitochondrial DNA deletion and heteroplasmy analysis for the bovine mitochondrial genome  

 

Primer name Forward sequence (5'-3') Forward  position Reverse sequence (5'-3') Reverse   position 

Deletion/heteroplasmy analysis         

15kb mtDNA fragment  agagtactactagcaacagcttaaaactca 551 tctggtttacaagaccagtatattagatgt 15334 

15kb mtDNA nested fragment  tgctaatacagtctatataccgcca 660 gatatatgggtgttcgactggttg 15171 

Heteroplasmy threshold detection  

 

  

 
4kb mtDNA fragment 1  cactatgcttagccctaaacacagata 500 gtaaggtgtagtcttgcaatccttatcag 5009 

4kb mtDNA nested fragment 1  acagtctatataccgccatcttcag 667 tagagctgtgattgctatgaaagtg 4639 

4kb mtDNA fragment 2 actaccatataaccccaccataaca 4481 tcggtccccttctattaaactatga 9050 

4kb mtDNA nested fragment 2  ccctcccctatctgggttta 4664 ctttttggacagctggggta 8819 

4kb mtDNA fragment 3 ctcctagtcagcctatatctgcat 8572 cgtttgatagagttgatcagaagggg 13087 

4kb mtDNA nested fragment 3  actaacaatataccaatgatgacgagat 8759 aagaggtggcaattaatgttattagaag 12970 

4kb mtDNA fragment 4  cttacctagctttcctccacatct 12710 gacttgtctcctctcatgtagctag 959 

4kb mtDNA nested fragment 4 ccaaagacctaatcatcgaagcc 12917 catttcttcccatttcataggttacac 752 
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Table 7-2: The number of patients, embryos, spent embryo culture media droplets and media control droplets analysed by digital PCR 

(dPCR), long-range PCR and quantitative real-time PCR (qPCR). 

 

 
Number of patients Day of culture Number of embryos Number of spent media droplets Number of media control droplets 

Digital PCR (dPCR) 36 3, 5 and 6 103 154 54 

Long-Range PCR 9 3 and 5 24 48 18 

Quantitative PCR (qPCR) 25 6 100 100 25 

Total 70 3, 5 and 6 227 302 97 
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Table 7-3: Digital PCR (dPCR), long-range PCR and quantitative real-time PCR (qPCR) primer information. 

 

Taqman assay 
   

    
Gene name Gene abbreviation Taqman Probe  ID 

Ribonuclease P RNAse P VIC, TAMRA  4403326 

Mitochondrially encoded NADH dehydrogenase 1 MT-ND1 FAM, MGB  MT-ND1_CCCSVXC 

TBC1 domain family, member 3 TBC1D3 FAM, MGB  TBC1D3_CC5IPXA 

Testis specific protein, Y-linked 1 TSPY1 VIC, MGB  TSPY1 

Cystic fibrosis transmembrane conductance regulator CFTR FAM, MGB  Hs04974590_cn 

    

    
Long-range PCR assay 

   

    
Target Forward primer  Reverse Primer 

 
mtDNA primary reaction 5’-TTAAAACTCAAAGGACCTGGC-3’ 5’-GTGGGTAGGTTTGTTGGTATC-3’ 

 
mtDNA secondary reaction 5’-ACCACCTCTTGCTCAGCCTA-3’ 5’-AGGGGGTTTTGATGTGGA TT-3’ 
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Table 7-4: Digital PCR (dPCR), long-range PCR, DNA pre-amplification and quantitative real-time PCR (qPCR) reaction conditions. 

 

Method  Reaction mixture Thermal cycling conditions  

Digital PCR (dPCR) 

1)  7.5 µl of 2 X Quantstudio 3D digital PCR mastermix (Applied Biosystems) 10 minutes at 96 °C, 39 cycles of 

60 °C for 2 min and 98 °C for 

30 sec, and 60 °C for 2 min 

2)  0.75 µl of each TaqMan copy number assay (20X) (Applied Biosystems) 

3)  The entire purified DNA sample (6 µl)     

Long-range PCR 

1)  0.5 µl PrimeSTAR GXL DNA polymerase (Clontech) 

1 minute at 94˚C, 39 cycles of 98 

˚C for 10 seconds and 68 ˚C for 

17 minutes, and 72 ˚C for 12 

minutes  

2)  5.0 µl of 5X PrimeSTAR GXL buffer (Clontech) 

3)  2.0 µl of dNTP mixture (2.5 mM each) (Clontech) 

4)  0.5 µl of each primer 

5)  14.5 µl of H20 (primary reaction), 15.5 µl of H20 (secondary reaction) 

6)  2.0 µl of DNA (primary reaction), 2 µl of 1:50 DNA from the primary reaction (secondary reaction) 

DNA pre-amplification 

1)  2.7 µl of custom TaqMan pool (0.2 X) (Applied Biosystems) 10 minutes at 95°C, 10 cycles of 

95°C for 15 seconds and 60°C for 

4 minutes 
2)  5.5 µl of TaqMan PreAmp 2X mastermix (Applied Biosystems) 

3)  2.7 µl of DNA 

Quantitative real-time 

(qPCR) 

1)  0.5 µl of TaqMan copy number assay in multiplex or singleplex (20X) (Applied Biosystems) 

2 minutes at 50°C, 10 minutes at 

95°C, 40 cycles of 95°C for 15 

seconds and 60°C for 1 minute 

2)  5.0 µl of TaqMan universal PCR master mix (2X) (Applied Biosystems) 

3)  3.5 µl of H20 (singleplex), 3.0 µl of H20 (multiplex) 

4)  1.0 µl of pre-amplified DNA 
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Table 7-5: Mean number of nuclear and mtDNA copies in 3 replicates of each base media and protein supplement component of G5 series 

media (Vitrolife) and continuous single culture media (Irvine). 

 

Media component  mtDNA nuclear DNA 

G1 media (no protein) 4 0 

G1 media with 5 mg/ml HSA-solution  15 1 

G2 media (no protein) 4 0 

G2 media with 5 mg/ml HSA-solution  6 1 

100% HSA-solution  3 2 

continuous single culture media (no protein) 8 1 

continuous single culture media with 5 mg/ml serum substitute supplement  5 1 

100% serum substitute supplement  23 4 
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Figure 7-1: Representative gel electrophoresis image of intact mitochondrial DNA (mtDNA).  Amplification of the 15 kb band during 

long-range PCR indicates the presence of intact mtDNA in spent embryo culture media.  This representative image shows spent embryo 

culture media from two patients (sample 1 and sample 2), along with media control droplets. The 15kb fragment was not detected in 

sample 1C, 2B, 2G, 2I and 2J and showed no evidence of amplification in media control droplets.   
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